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ABSTRACT 
 
Bozeman III, Joe Frank. M.S.Egr, Department of Mechanical 
and Materials Engineering, Wright State University, 2010. 
Sulfur-Tolerant Catalyst for the Solid Oxide Fuel Cell. 
 
JP-8 fuel is easily accessible, transportable, and has 
hydrogen content essential to solid oxide fuel cell (SOFC) 
operation. However, this syngas has sulfur content which 
results in a poisonous hydrogen sulfide that degrades 
electrochemical activity and causes complete SOFC failure 
in some cases. The goal is to synthesize and verify a cost-
effective, catalyst supported on 2CeO  that either 
stabilizes ionic conductivity in the presence of SH2  and/or 
is highly sulfur-resistant. After thorough computational 
analysis, it was concluded that the platinum-copper skin 
catalyst was the most cost-effective, sulfur-resistant 
catalyst. Experimental synthesis of copper, platinum, and 
platinum-copper skin catalysts supported on 2CeO  was 
verified. Further experimentation must be performed to 
establish the platinum-copper skin catalyst supported on 
2CeO  operational affects on the SOFC system in a sulfur 
environment.    
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1. INTRODUCTION  
1.1 Solid Oxide Fuel Cell 
A fuel cell is an electrochemical conversion device. 
The typical oxygen ion exchange fuel cell is the solid 
oxide fuel cell (SOFC). Essential to SOFC operation are 
temperature range, catalyst, anode, cathode, and 
electrolyte material, fuel input, and their interactions. 
The SOFC uses ceramic materials for its anode, cathode, and 
electrolyte.  
In an ideal SOFC, oxygen ( 2O ) enters the cathode and 
is catalytically split into oxygen ions and electrons. The 
oxygen ions then travel through the solid-oxide ion-
conducting electrolyte toward the anode. Hydrogen fuel 
enters the anode and is catalytically split into protons 
and electrons. These protons and oxygen ions meet at the 
anode and electrolyte interface forming water molecules.  
The electrons (
e2 ) are released from the anode then move 
through the external circuit toward the cathode, creating 
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current output. Figure 1.1 displays this electrochemical 
process. 
 
Figure 1.1: Solid Oxide Fuel Cell Operation 
 (http://en.wikipedia.org/wiki/Solid_oxide_fuel_cell) 
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1.2 Fuel 
 The ideal fuel source for the SOFC is pure hydrogen   
( 2H ). Innovative production of pure hydrogen has garnered 
much attention but currently remains a difficult resource 
to harness. Consequently, more accessible fuel sources are 
considered.  
The US Army and Air Force have a need for power. 
Diesel and jet fuels have been utilized due to the lack of 
feasible logistics for hydrogen gas fuel. These fuels also 
have desirable energy densities, transportability, 
flammability, and logistical superiority. Jet Propellant 8 
(JP-8) is used by the Air Force and is a kerosene-based jet 
fuel consisting of hydrocarbon mixtures. Additives such as 
organosulfur compounds are included to enhance performance. 
Lee and Ubanyionwu [17] studied sulfur content in military 
jet fuels. Military specifications have stated that the 
maximum sulfur content of JP-8 is less than 3000 ppmw 
(parts per million by weight) [17]. The sulfur content is a 
hindrance to optimal fuel cell operation.  
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Fuel Cells provide the technology that facilitates 
portability and stationary power generation uniquely suited 
for military operation. Cowey et al. [20] investigated 
portable and military fuel cells. This study acknowledges 
the growing demand for portable electronic equipment in 
military and consumer markets. Compared to modern day 
batteries, fuel cells offer greater energy density and 
efficient recharging capabilities. Fuel must be made 
available in remote areas, heavily influencing the 
military‟s desire to reform diesel and jet fuels as a 
source of hydrogen [20].  
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1.3 Sulfur-Tolerant Catalysts 
He et al. [15] investigated sulfur-tolerant shift 
reaction catalysts for the nickel-based SOFC anode. Shift 
catalysts help offset the Ni anode‟s vulnerability to 
sulfur poisoning and carbon monoxide‟s negative effects. 
Without mitigation of these negative effects, complete 
electrochemical activity loss would occur [15]. The 
material used for a typical SOFC anode is nickel and 
yttria-stabilzed zirconia (Ni-YSZ). Nickel-based SOFC 
anodes are susceptible to hydrogen sulfide [37].  
He et al. reported that the copper catalyst supported 
on ceria (Cu supported Ce) has high sulfur tolerance and 
mitigates nickel anode degradation [15]. Other shift 
catalysts like Ru supported Ce and Pd supported Ce posses 
the same sulfur-tolerant characteristic. Shift catalysts 
mitigate hydrogen sulfide‟s ( SH 2 ) decrease of catalytic 
activity of the Ni anode and its subsequent decrease of 
fuel ( 2H ) in the anode chamber by stabilizing the SOFC‟s 
voltage drop [15]. Otherwise, electrochemical failure would 
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occur. He et al. concluded that SH 2  poisoning was almost 
fully reversible under long recovery-time operating 
conditions when using shift catalysts [14].   
He and colleagues found that SOFC performance was 
stable when using carbon monoxide-based (CO) fuels. Once 
SH 2  was introduced, the cell voltage decreased and 
continued to degrade. While using a Cu supported Ce 
catalyst, the same test was administered. The cell voltage 
was nearly constant after SH 2  application and stabilized 
after adsorption/desorption equilibrium was achieved. The 
former trend was similar to SOFC operation without any 
poison content. Based on the criteria of voltage 
stabilization and output, He et al. concluded that Pd(Fe) 
supported Ce was the most effective shift catalyst [14]. 
   Xu et al. [39] examined nano-Au (gold) catalysts 
supported on MoS 2  (molybdenum) regarding the conversion of 
hydrogen and carbon monoxide. They investigated overall 
fuel cell performance. Synthesis gas (syngas) has two major 
combustible components; namely hydrogen and carbon 
monoxide. Hydrogen sulfide corrodes Ni and Pt anode 
catalysts, making fuel purification a necessity; however, 
fuel purification is costly. Thus, the most cost-effective 
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method would be to mitigate hydrogen sulfide‟s effects 
without performing fuel purification [39]. 
Xu et al. concluded that nano-Au prevents carbon 
monoxide poisoning of the MoS 2  active sites [39]. Also, the 
Au/MoS 2  anode-catalyst‟s cell performance increased in the 
presence of carbon monoxide. Their results indicated that 
nano-Au was a sulfur-resistant and carbon monoxide tolerant 
catalyst which should be seriously considered for fuel cell 
application [39].  
Azad et al. [1] investigated nano-powder catalysts to 
determine sulfur-tolerant formulations. The characteristics 
observed were high hydrogen yield, sulfur tolerance, and 
high stability. Their results suggested that the 
32OY  
supported palladium catalyst had an increase in hydrogen 
yield due to the increased metal surface area. The surface 
area availability is directly proportional to the potential 
for reaction. The copper-oxide (CuO) catalyst increased 
hydrogen yield and demonstrated enhanced stability [1,33]. 
The increased stability was attributed to the oxide acting 
as a sulfidation site. The CuO hydrogen yield followed the 
palladium characteristic of increased metal dispersion [1].  
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1.3.1 Sulfur-Tolerant Anode Materials    
Gong et al. [25] studied sulfur-tolerant anode 
materials for SOFC application. Devianto et al. stated that 
2CeO  is commonly used as a sulfur-removal, coking material 
with respect to catalytic activity and serves as a 
successful SH 2  absorbent [12]. Combining a Cu catalyst 
supported on 2CeO  with an YSZ anode material resulted in 
effective catalytic activity [30,40]. However, Gong et al. 
found that Cu and 2CeO  does poorly with hydrogen oxidation 
[25]. Devianto et al. concluded that Cu must operate at a 
temperature less than 700

C to avoid agglomeration [12]. 
 Gong et al. found that doped ceria compositions showed 
promise due to increased ionic conductivity [12]. 
Gadolinium-doped ceria (GDC) and samarium-doped ceria (SDC) 
were two anodes that displayed this quality. Using XPS 
analysis, GDC displayed stable concentration during sulfur 
operation but doped ceria did not show effective sulfur 
absorbent capabilities comparable to 2CeO  [25]. According 
to Gong et al., “Excess content of ionic conductor with low 
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electronic conductivity in the anode compromises the 
electron transfer capability of the anode by increasing the 
polarization overpotential and activation energy for 2H  
oxidation” [25,32]; hence, the need to optimize stability 
and output performance. Gong et al. believed that emphasis 
must be focused upon the material surface and its electric 
field to be able to achieve this optimization [25]. The 
lack of such a focus hinders the development of meaningful 
design and experimental criteria [25].     
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1.4 Mitigation of Sulfur Poisoning  
Yoshimura et al. [38] studied sulfur tolerance of 
bimetallic Pd-Pt catalysts. Their study determined that 
sulfur tolerance of the catalyst was influenced by many 
factors including preparation details, alloy formation, 
particle sizes and interactions between particles and 
supports [38]. The main approach to increasing sulfur 
tolerance of noble metal catalysts has been to increase the 
electron-deficiency of noble metals by using acidic 
supports [38]. Another approach that has been used in the 
past is to alloy the active component with another metal 
[38].     
 In their thermodynamic approach to increasing sulfur 
tolerance, Yoshimura et al. found that Pd proved to be more 
sulfur-resistant than Pt [38]. Sulfur tolerance increased 
thermodynamically due to an increased reaction temperature, 
the 2H /oil ratio and the 2H  pressure under hydrotreating 
conditions, adding make-up 2H , stripping SH 2  and a 
decreased )(/)( 22 HPSHP  ratio [38].  
 
 
11 
 Yoshimura et al. determined that the electron 
deficiency of Pd-Pt caused by crystal distortion 
contributed to the increase in sulfur tolerance [38]. This 
was observed using EXAFS and analyzing the contacts between 
noble metal particles and mesopore walls. They concluded 
that controlling the support acidity was important in 
sulfur-tolerant noble metal catalysts [38]. Lowering the 
calcination temperature also contributed to increased 
surface sulfur tolerance of Pd-Pt particles [38]. 
Homogeneity and the degree of alloy formation in the alloy 
composition were vital in increasing sulfur tolerance [38].  
Choi et al. [36] analyzed sulfur tolerance of Ni, Cu, 
and Ni-Cu alloys for SOFCs using ab initio methods. They 
used a molecular modeling software called Gaussian 03 for 
computational simulation. Choi et al. stated that the 
development of new sulfur-tolerant anodes relies on 
understanding the adsorption of surface sulfur species at a 
molecular level [36].  
 To analyze Ni-Cu clusters, a hybrid density functional 
method called B3LYP with the 6-311+G(d) basis set was used 
by Choi et al. [36]. Adsorption energies were calculated to 
investigate sulfur tolerance by using: 
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][][][ SsubstrateESEsubstrateEEads         (1.1) 
The least sulfur-tolerant structures correspond to the 
most-positive or least-negative adsorption energy [36]. All 
calculations were done with non-spin-polarization methods 
[36]. Their decision was based on previous studies that 
concluded spin-polarization was insignificant for 
calculating adsorption energies [36]. Choi et al. concluded 
that Cu was more sulfur-tolerant than Ni at all four active 
sites and that alloying Ni with Cu improved sulfur 
tolerance; however, this tolerance did not match the extent 
of that achieved by pure Cu [36].  
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1.5 Objective 
 The objective of this research is to synthesize and 
verify a cost-effective catalyst supported on 2CeO  that 
either stabilizes ionic conductivity in the presence of SH2  
and/or is highly sulfur-resistant. This objective will 
first be accomplished by attempting to understand previous 
works and already-determined sulfur-tolerant catalysts as 
illustrated in Chapter 1. Chapter 2 establishes the 
rationale for computational simulation by investigating 
previous works and examines the process by which the 
current study performed computational simulation. Chapter 3 
describes the computational results obtained in this 
research and compares the resultant catalytic structures 
among other discussion. Chapter 4 describes synthesis 
methodology, the equipment and their respective 
specifications used to gather this research‟s experimental 
results. Chapter 5 details the current study‟s experimental 
results and discusses synthesis success in addition to 
other interesting aspects. Chapter 6 gives conclusions from 
this study, while summarizing future work.      
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2. COMPUTATIONAL THEORY 
2.1 Computational Materials Science 
The purpose of computational materials science is to 
improve the interconnectivity of experimentation with 
computational materials work. Although the statements in 
this thesis may suggest otherwise, this research effort is 
essentially a computational materials science project, 
given that most experimental efforts require more time and 
money than effective computational methods.  
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2.2 Quantum Mechanics Overview 
Quantum theory is arguably the most complex concept 
that exists today. There have been dissertations 
elucidating aspects of this concept for years and future 
research will follow regarding this same topic. What is 
universally understood is quantum theory‟s relevance to 
computational simulation. It is through the use of quantum 
mechanics that realistic results are attainable. 
 Hinchliffe [5] described aspects of the Schrödinger 
equation, which serves as the fundamental basis for quantum 
mechanics. The time-dependent Schrödinger equation is: 
 
t
txh
jtxtxU
xm
h












),(
2
),(,
8 2
2
2
2

           (2.1) 
x:  x-axis 
t:  time 
m:  mass 
U:  potential energy 
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j:  1 , 12 j  
 :  wave function 
h: reduced Planck‟s constant 
After some mathematical derivation, the equation can be 
written as: 
0),(),(*  dxdydztrtr        (2.2) 
Equation 2.2 is a mathematical expression that gives the 
probability of a particle‟s location found at time t within 
the specified volume dxdydz [5]. It is important to note 
that the concept of time and position used in quantum 
theory differs from conventional time. In quantum theory, 
position is never absolute in reference to linear time 
scales (seconds, minutes, etc…). Position is determined by 
mathematical convergence with respect to an unconventional 
time scale. There are also special-case Schrödinger 
equations that involve time-independency among other 
special-case equations. Equation-case scenarios and the 
variations of the elements thereof are not explained in 
this study. The computational materials science software 
called Gaussian used quantum theory to achieve simulative 
convergence (as described in Section 2.3).   
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2.3 Software 
Hill et al. [19] compiled a comprehensive overview of 
software related to computational materials modeling. Their 
summary stated that the following software packages were 
among the most effective: Cerius, InsightII, MAPS 
(Materials and Processes Simulation), NWChem, Materials 
Design’s MedeA, Gaussian 03, SPARTAN, Schrödinger’s Jaguar, 
Turbomole, GULP (General Utility Lattice Program), and 
YAeHMOP [19]. The extensive list of elements, chemicals, 
and their respective properties makes it very difficult for 
any one software package to efficiently simulate the entire 
element spectrum. Furthermore, many of the software 
packages simulate certain element sets or specific types of 
simulation methodology better than others. To try and 
mitigate the potential pitfalls that one may encounter 
during the simulation process, Gaussian 03 and Gaussian 09 
were chosen as the program packages used for computational 
materials simulation in this research effort. Gaussian has 
the ability to implement ab initio and semi-
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empirical methods for elements and molecules within the 
periodic table [19].  
Ab initio is a quantum mechanical based methodology 
which encompasses many methods including Hartree-Fock (HF), 
Density Functional Theory (DFT), MP2, Hybrid theories 
(B3LYP), and Coupled Cluster [19]. Only certain ab initio 
methods are universally considered legitimate. HF and B3LYP 
methods are two of these methods.  
Energies and molecular structural shifts are some of 
the information Gaussian can predict [21]. It can also 
compute IR and Raman, UV-Visible, Nuclear Magnetic 
Resonance, vibrational circular dichroism, electronic 
circular dichroism, optical rotary dispersion, harmonic 
vibration-rotation coupling, anharmonic vibration and 
vibration-rotation coupling and g tensors [21]. Gaussian 
can function on various operating systems. In this research 
the combination of on-site lab simulations and off-site 
super computer simulations (facilitated through the use of 
the Ohio Super Computing network) were performed.  
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2.4 Structure 
Gaussian requires the user to use visualization 
software called Gauss View. In Gauss View the molecular 
structure can be visualized and altered using various 
commands. Gaussian’s internal code can be directly accessed 
to alter coordinates and other various characteristics such 
as methods, basis sets, and convergence criteria. In this 
research, lattice and crystal structure parameters were set 
using Gauss View’s bulk development tools.   
 Jacob [31] used a 35 Platinum (Pt) cluster to 
represent the catalyst surface. The pictorial 
representation of this 35 Pt cluster can be seen in Figure 
2.1:  
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Figure 2.1:
 35
Pt  Cluster 
 
This cluster rendered both experimental and 
theoretical results for low oxygen coverage [31]. The 35 
atom cluster was created to study dissociation and reaction 
processes of more extended compounds [31]. This cluster had 
14 atoms in the first layer, 13 in the second layer and 8 
atoms in the third layer [31]. In the study mentioned 
above, a small planar cluster was used for initial 
calculations of chemisorbed intermediates [31]. The pre-
optimized, small planar cluster (Pt 12) was used as an 
initial configuration for the geometry optimization of the 
Pt
35
 cluster [31]. The three center platinum atoms (making 
up the center-triangle in Figure 2.2) were allowed to relax 
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through simulation [31]. The other atoms remained 
stationary while the Pt-Pt bonds of the stationary atoms 
were kept at a bond length of 2.775 

A  [31]. This structure 
provided major surface relaxation results that reproduced 
the Pt
35
 or the cluster model Pt <1 1 1> [31]. Pt 12 is shown 
in Figure 2.2: 
 
Figure 2.2:
 12
Pt  Small Planar Cluster 
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2.5 Configuration 
In the current study, the basic form of the molecular 
structures was the FCC crystal structure, using four atoms 
per cell and cubic closed pack. The bond lengths for Cu and 
Pt were 3.61 

A  and 3.92 

A , respectively. Excess atoms were 
removed to create an appropriate FCC structure. Using the 
periodic tool, the structure was extended to model the 
desirable surface. Using a one layer construct was 
determined to be best for initial analysis.  
Using the small planar cluster ( 12Pt ) as a reference, 
the catalyst structure sets were developed. The 1-layer 
structure set (Cu, Pt, and their respective alloyed 
structures) followed the same general atomic placement 
pattern as seen in Figure 2.3 (all subsequent illustrations 
of computational catalyst structures are respective to the 
x-y axis unless otherwise specified). The atom numbers are 
located in the center of each atom. The path connecting 
atoms 6, 7, and 11 will be referred to as the triangle. 
Atoms 6, 7, and 11 are allowed to relax to their most 
 
 
23 
probable positions bounded by the convergence criteria 
during computational simulation. As stated in Section 2.2, 
successful quantum mechanical convergence is dependent upon 
probability. The term „relax‟ denotes simulative success. 
The remaining atoms are stationary.    
 
Figure 2.3: 1-layer Configuration Description 
The sulfur (S) atom signifies potential sulfur 
poisoning. To model a sulfur environment, a single S atom 
was inserted and allowed to relax. Initial energy 
calculations of these structures (including the S atom) 
proved difficult to collect due to convergence and cycle 
limitations. During the initial data collection process, it 
was evident that the starting position of the S atom 
affected the probability of simulative success. To increase 
the probability, the yellow-colored S atom was placed in 
four different positions around the triangle for each 
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individual structure. The positions are located at the 
triangle center (Position 1), bridge center (Position 2), 
to the left of the triangle center (Position 3), and to the 
right of the triangle center (Position 4), as shown in 
Figure 2.4.      
  
  Position 1       Position 2 
  
    Position 3       Position 4 
Figure 2.4: Sulfur Positioning 
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 The salmon-colored atoms (atoms 1-12) of Figure 2.3 
represent Cu atoms. This is considered a pure, 1-layer Cu 
catalyst structure (Cu-1layer). For the pure Pt (Pt-1layer) 
catalyst, atoms 1-12 was restructured with blue-colored Pt 
atoms.  
The 1-layer structure set includes alloyed structures. 
In Figure 2.5 atom 13 is the alloying atom (Pt) of the 
alloyed Cu-Pt catalyst (Cu-Pt-1layer) which is located at 
the top-vertex position of the triangle. The position of 
atom 13 is the position for every catalyst structure‟s 
alloying atom. The Pt-Cu-1layer structure followed the same 
format with atom 13 being Cu and the remaining atoms being 
Pt. Computational simulations were conducted on a total of 
four 1-layer catalyst structures: Cu-1layer (pure), Cu-Pt-
1layer (alloy), Pt-1layer (pure), and Pt-Cu-1layer (alloy).      
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      Cu-1layer (pure)       Cu-Pt-1layer (alloy) 
  
      Pt-1layer (pure)      Pt-Cu-1layer (alloy) 
Figure 2.5: 1-layer Structure Set 
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 In this research, the 2-layer structure set followed 
the same pattern as the 1-layer structure set with some 
differences. Subsequently, the first layer refers to the 
top layer and second layer refers to the bottom layer. In 
Figure 2.6, atoms 1, 2, 4, 7, 11, and 15 represent the 
second layer. All of the second layer atoms are stationary 
and cannot relax during simulation just as the first 
layer‟s outer edge atoms (3, 5, 6, 8, 9, 13, 14, 16, 18). 
The notation pattern is consistent, with Figure 2.6 
illustrating the Cu-2layer catalyst.  
 
Figure 2.6: 2-layer Configuration Description 
 
 
28 
Unlike the 1-layer structure set, there was the 
addition of two unique structures. They are referred to as 
skin catalysts. Figure 2.7 displays the copper skin 
catalyst (Cu-2Pt-2layer). The entire second layer was Pt 
atoms as the first remained Cu atoms (excluding the S 
atom). The 2-layer structure set had six total catalyst 
structures: Cu-2layer (pure), Cu-Pt-2layer (alloy), Pt-
2layer (pure), Pt-Cu-2layer (alloy), Cu-2Pt-2layer (skin), 
and Pt-2Cu-2layer (skin). 
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      Cu-2layer (pure)         Cu-Pt-2layer (alloy) 
    
    Cu-2Pt-2layer (skin)           Pt-2layer (pure) 
    
      Pt-Cu-2layer (alloy)        Pt-2Cu-2layer (skin) 
Figure 2.7: 2-layer Structure Set 
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2.6 Methods and Basis Sets 
 In order for the Gaussian software package to begin a 
computational simulation, a method/basis set combination 
must be declared. The exclusion of such a set would render 
the simulation inoperable. The method determines the 
mathematical and iterative style in which the simulation 
will reach convergence. The basis set determines the range 
of elements that can be successfully simulated. Methods 
must be combined with a basis set. 
Research by Filho et al. [28] used the generator 
coordinate Hartree-Fock (GCHF) method to construct highly 
accurate basis sets for S and Pt atoms. Jorge et al. [7] 
found that the GCHF method was accurate in comparison to 
numerical HF calculations and atom-optimized basis sets for 
hydrogen through lanthanum. Jorge et al. also concluded 
that the GCHF method produced flexible, accurate basis sets 
for use in ab initio atomic and molecular calculations [7]. 
Given the HF method‟s proven ability to produce reliable 
results it was used in the current study for computational 
simulation of Cu, S, and Pt atoms.   
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 Luna et al. [6] concluded that the DFT, hybrid method 
B3LYP was a good alternative to high-level ab initio 
methods for the treatment of Cu binding energies. The 
researchers found that the computational results were in 
agreement with its relevant experimental values [6]. Becke 
concluded that the B3LYP method gave realistic results for 
molecules containing up to 60-70 atoms [3,4]. Blanco and 
Orts [29] received accurate results regarding Pt adsorption 
of water using the B3LYP/LANL2DZ, 6-311++G(d,p) method and 
basis set combination. Maung [26] suggested the use of 
hybrid DFT calculations when dealing with the decomposition 
of small alkythiols, dialkylsulphides and large aliphatic 
organic compounds due to its modest computational cost and 
reliability. Based on the facts mentioned above, the B3LYP 
method and the LANL2DZ basis set were employed in the 
present study. 
 In this research effort, the B3LYP and HF methods were 
used during computational simulation. The LANL2MB and 
LANL2DZ basis sets were combined with each respective 
method totaling four method/basis set simulative criteria: 
HF/LANL2MB, HF/LANL2DZ, B3LYP/LANL2MB, and HF/LANL2DZ. The 
LANL2MB basis set ranges from H-La and Hf-Bi while the 
LANL2DZ basis set ranges from H, Li-La, and Hf-Bi [21].  
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Ideally, both sets of ranges should encompass 
successful simulation of Cu, Ni, Pt, and S atoms and their 
molecular models; however, Ni proved un-simulative. Based 
on research by Blanco and Orts, the B3LYP/LANL2DZ 
combination proved to be very reliable [26]. Also the 
LANL2DZ basis set works very well for heavier elements like 
Pt [2]. Thus, the B3LYP/LANL2DZ method/basis set was 
determined to be the most accurate of the four.  
 Preliminary results of the current study were 
calculated using values from different methods and basis 
sets. It was soon realized that this produced inaccurate 
binding energies. Hence, results were compiled solely from 
calculations from the same method/basis set and compared. 
Cross method/basis set comparisons were performed rarely 
and with justification.                    
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3. MOLECULAR MODELING RESULTS AND DISCUSSION 
3.1 Binding Energy and Charge Transfer 
 The subsequent sections will explain the results 
obtained in this research effort along with the rationale 
for all equations and methodology used. The binding energy 
value (in units of electron volts or eV) was used as the 
main criteria in determining whether a catalyst was sulfur-
resistant or not. It was calculated using: 
)( sulfurructurecatalyststsulfurructurecatalyststBinding EEEE        (3.1) 
The catalyst structure‟s energy was calculated without the 
S atom, and with the three atoms making up the triangle 
allowed to relax. If adequate convergence criteria were not 
met, the triangle atoms were forced to be stationary. The S 
atom‟s energy was also calculated. The catalyst structure, 
including the S atom and its relevant relaxing conditions, 
as described in Section 2.5, was calculated. The inclusion 
of the calculated energies into the equation yielded 
binding energy. Recognize that Equation 3.1 yields a 
negative value where Equation 1.1 would yield a positive 
value and vice-versa; therefore, the most-positive or 
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least-negative binding energy corresponds to relatively 
high sulfur resistance. If convergence criteria were not 
met in any of the simulations, iterative steps were made to 
increase the probability of success. If successful 
convergence still was unattainable, the simulation of that 
particular structure was terminated. Figure 3.1 illustrates 
sulfur resistance and its relation to binding energy. 
 
Figure 3.1: Sulfur Resistance-Binding Energy Elucidation 
 As in the study performed by Blanco and Orts [29], 
charge transfer was observed using Mulliken charges. 
Mulliken charges are included in the Gaussian output file 
after a successful computational simulation. Although 
charge transfer values were helpful in further 
understanding of the pure catalysts, they proved to be a 
vital asset in determining the molecular characteristics of 
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the alloyed and skin catalysts. The units were electrons   
(
e ). A negative e  value signified the gain of an e  while 
a positive value meant the dispersion of an 
e  (or a 
fraction thereof).       
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3.2 Platinum 1-layer  
 Platinum is vulnerable to sulfur poisoning and, by 
itself, has no potential of being a cost-effective, sulfur-
tolerant catalyst. Therefore, pure Pt computational results 
served as a validation and a reference when analyzing other 
pure and alloyed catalysts in this research. 
 The binding energy of Pt-1layer (HF/LANL2DZ) was found 
to be -0.3158759 eV. This is consistent with previous 
findings and conventional thought and indicates sulfur 
vulnerability.  
Since Cu has been proven to be relatively sulfur-
resistant, the addition of the alloying Cu atom was thought 
to increase sulfur resistance; however, the opposite 
occurred. The binding energy of Pt-Cu-1layer (HF/LANL2DZ) 
was found to be -0.3553152 eV making it even more 
susceptible to sulfur poisoning (refer to Table 3.3) 
The charge transfer values of the Pt-1layer and Pt-Cu-
1layer catalysts showed some inconsistency regarding their 
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stationary and triangle atoms, suggesting that the 
inclusion of a second layer would improve the results‟ 
charge transfer accuracy (refer to Appendix A-2.3 and A-
2.4). 
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3.3 Platinum 2-layer 
 The binding energy of the Pt-2layer (B3LYP/LANL2MB) 
was fond to be 17.1733021 eV. This indicates very high 
sulfur resistance, and contradicts all conventional wisdom 
and previous works. It was considered an erroneous result. 
Iterative calculations of the 1 and 2-layer pure Pt 
catalysts suggest that „DIFFERENT RELAXATION‟ results, 
respective to the S starting position, contributed to the 
inaccuracy (refer to Appendix A-1.2 and Appendix A-4.3 and 
A-4.4). The Pt-Cu-2layer binding energy calculation was 
terminated due to convergence failures.  
The binding energy of the Pt-2Cu-2layer 
(B3LYP/LANL2MB) catalyst was found to be -0.1223857 eV, 
indicating that the addition of the Cu second layer 
significantly changed the overall sulfur tolerability. This 
skin catalyst had the least-negative binding energy – 
excluding the erroneous results of the Pt-2layer catalyst - 
making it the most sulfur-resistant of that method/basis 
set. Although the HF/LANL2MB convergence criteria did not 
yield results for the Pt-2layer and Pt-Cu-2layer catalysts, 
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the Pt-2Cu-2layer (HF/LANL2MB) skin catalyst displayed the 
most sulfur resistance of that method/basis set with a 
binding energy of just -0.0826193 eV (refer to Table 3.3). 
The results strongly suggest that Pt-2Cu-2layer is the most 
sulfur-tolerant catalyst of all of the Pt catalysts due to 
the high sulfur resistance calculated in two separate 
method/basis sets.    
 The Pt-2layer charge transfer results showed that the 
S atom (atom 19) gained electron charge from its 
surrounding Pt atoms. Atoms 11 and 12 seemed to give their 
electrons to the S atom providing a plausible explanation 
for the strong bond between S and the Pt catalyst structure 
(refer to Appendix A-2.8).  
The Cu atoms of the Pt-2Cu-2layer skin catalyst gained 
electron charge from the first layer, creating structural 
stability of the catalyst as seen in Table 3.1. This 
resulted in the S atom giving electrons to the Pt atoms of 
the first layer, resulting in significant sulfur 
resistance. One can observe the large extent to which the S 
atom traveled in comparison to all of the other relaxed 
catalysts (refer to Appendix A-4). The charge transfer 
between atom 19 (0.368308 
e ) and atom 2 (-0.10836 e ) 
establishes this fact. 
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Table 3.1: Pt-2Cu-2layer Electron Charge Transfer 
      
           Structure: Pt-2Cu-S-2 (pos2-B) 
           
Atom # Atom Charge 
 
 
 
 
         1 Pt 0.081545 
           2 Pt -0.108346 
           3 Pt 0.081584 
 
          4 Pt -0.203227 
           5 Pt -0.176742 
           6 Pt 0.206961 
           7 Pt 0.206859 
           8 Pt -0.176700 
           9 Pt -0.203215 
           10 Pt -0.129672 
           11 Pt 1.168335 
           12 Pt -0.129687 
           13 Cu -0.002661 
           14 Cu -0.345236 
           15 Cu -0.345237 
           16 Cu -0.022155 
           17 Cu -0.248555 
           18 Cu -0.022159 
           19 S 0.368308 
           SUM 0.000000 
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3.4 Copper 1-layer      
 The binding energy of the Cu-1layer (B3LYP/LANL2DZ) 
and Cu-Pt-1layer (B3LYP/LANL2DZ) catalysts were found to be            
-0.1804854 eV and -0.1812567 eV, respectively. These 
binding energies were shown to be more negative than the 
Pt-2layer binding energy, which illustrates the erroneous 
nature of this particular calculation (refer to Table 3.3).  
Although some S atom trends were displayed, the charge 
transfer results demonstrated inconsistency in the 
stationary, edge atoms. The S atom of the Cu-1layer 
catalyst gained electron charge from its surrounding atoms, 
while the S atom of the Cu-Pt-1layer catalyst gave 
electrons to its surrounding atoms (refer to Appendix A-2.1 
& A-2.2). Both catalyst structures had close binding energy 
calculations with Cu-1layer having the better sulfur 
resistance. The alloying Pt atom (0.087063 
e ) also gave 
electrons to its surrounding Cu atoms, suggesting that the 
S atom (0.056131 
e ) gave electrons to the Pt atom, which 
then gave the accumulative electron charge to Pt‟s 
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surrounding atoms (refer to Appendix A-2.2). The cheaper 
Cu-1layer catalyst proved to be more sulfur-resistant. This 
result concurs with other previous research [36].     
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3.5 Copper 2-layer 
 The binding energy for the Cu-2layer (B3LYP/LANL2DZ) 
catalyst was found to be -0.1696228 eV. The binding 
energies for the Cu-Pt-2layer (B3LYP/LANL2DZ) and Cu-2Pt-
2layer (B3LYP/LANL2DZ) catalysts were found to be          
-0.2290399 eV and -0.2210164 eV, respectively (refer to 
Table 3.3). The Cu-Pt-2layer catalyst showed less sulfur 
resistance than the Cu-2Pt-2layer skin catalyst. However, 
the Cu-2layer pure catalyst was most sulfur-resistant in 
comparison to the Cu-Pt-2layer and Cu-2Pt-2layer catalysts.  
 The corresponding charge transfer results were 
interesting and gave depth to the binding energy results. 
The Cu-2layer catalyst S atom (atom 19) gave charge to the 
triangle atoms (atoms 10, 12, and 17) at a low level in 
comparison to the electron charge the triangle atoms gained 
(refer to Appendix A-2.5). This would suggest that the 
triangle atoms gained extra charge from the second layer Cu 
atoms and the remaining stationary atoms. The triangle 
atoms protrude towards the S atom in the z-axis 
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direction indicating departure from the bulk Cu structure.  
The Cu-2Pt-2layer skin catalyst displayed the same S 
atom trend as the Cu-2layer catalyst, only to a lesser 
extent; with the triangle atoms (atoms 6, 7 and 11) gaining 
less electron charge from the second layer Pt atoms. This 
allowed a slight increase of positive z-axis protrusion 
potential towards the S atom, and a significant S atom 
shift downward in the y-direction (refer to Appendix A-
2.7).    
 The Cu-Pt-2layer catalyst had the highest S atom 
charge transfer exchange compared to the other 2-layer Cu 
catalysts. Its S atom electron charge was found to be 
0.104573 
e . The alloying Pt atom electron charge was found 
to be 0.797587 
e  taking the charge from the S atom and 
distributing the charge to the first layer and surrounding 
atoms (atoms 3, 6, 9, and 13). The S atom protruded from 
the bulk structure and moved toward the alloying Pt atom. 
This implies that the S atom was not only rejected by the 
surrounding Cu atoms, but was attracted by the alloying Pt 
atom producing a less sulfur-resistant structure than the 
Cu-2Pt-2layer skin catalyst (refer to Table 3.2).      
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Table 3.2: Cu-Pt-2layer Electron Charge Transfer 
      
          
  
Structure: Cu-Pt-S-2 (pos1-B) 
 
 
  
Atom # Atom Charge 
 
  
1 Cu 0.183902 
 
  
2 Cu 0.132166 
 
  
3 Cu -0.545188 
 
  
4 Cu 0.183902 
 
  
5 Cu -0.016787 
 
  
6 Cu -0.545188 
 
  
7 Cu -0.073055 
 
  
8 Cu 0.082219 
 
  
9 Cu -0.180604 
 
  
10 Cu -0.524914 
 
  
11 Cu -0.073055 
 
  
12 Cu -0.524914 
 
  
13 Cu -0.180604 
 
  
14 Cu 0.082219 
 
  
15 Cu 0.588066 
 
  
16 Cu 0.254836 
 
  
17 Cu 0.254837 
 
  
18 Pt 0.797587 
 
  
19 S 0.104573 
 
  
SUM -0.000002 
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3.6 Determination of Most Sulfur-Resistant Catalyst 
 To determine the most sulfur-resistant catalyst a 
combination of method/basis set and cross method/basis set 
binding energy comparisons were performed. Table 3.3 shows 
the binding energy values for all of the successfully 
simulated catalyst structures (1-layer and 2-layer). The 
bold numerical values represent the least-negative binding 
energy value of that method/basis set. The red-colored 
values are considered erroneous due to their contradiction 
of previous findings, elemental properties, and 
conventional wisdom. Lastly, the blacked-out rectangles 
represent simulation failure, making it impossible to yield 
a binding energy value.   
For the 1-layer case, the Cu-1layer pure catalyst was 
found to have the least-negative binding energy value of 
the HF/LANL2DZ and HF/LANL2MB sets. The Cu-Pt-1layer alloy 
catalyst was found to be the most sulfur-resistant of the 
B3LYP/LANL2MB set. In the most accurate method/basis set 
combination, the B3LYP/LANL2DZ set, the Cu-1layer pure 
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catalyst was found to be most sulfur-resistant. 
The Cu-2layer pure catalyst was the only successful 
binding energy resulting from the HF/LANL2DZ set. The Pt-
2Cu-2layer skin catalyst was found to be the most sulfur-
resistant of the HF/LANL2MB and B3LYP/LANL2MB sets. 
Finally, the Cu-2layer pure catalyst had the least-negative 
binding energy of the B3LYP/LANL2DZ set. 
As alluded to in Sections 3.2 and 3.4, the lack of a 
second layer in the 1-layer catalyst structure renders the 
results inconclusive. Thus, only the 2-layer binding energy 
results were used to determine the most sulfur-resistant 
catalyst. The 2-layer HF/LANL2DZ set‟s information was 
ignored because only one catalyst structure yielded a 
binding energy value. Also, the HF/LANL2DZ set is not the 
most accurate of the four. The HF/LANL2MB and B3LYP/LANL2MB 
sets showed the Pt-2Cu-2layer skin catalyst to be the most 
sulfur-resistant. The most accurate B3LYP/LANL2DZ set 
resulted in the Cu-2layer pure catalyst having the least-
negative binding energy value, but was not directly 
comparable to the Pt-2Cu-2layer skin catalyst because of 
its unsuccessful convergence. Thus, the HF/LANL2MB and 
B3LYP/LANL2MB sets had to be more closely investigated. In 
both cases, the Pt-2Cu-2layer skin catalyst was found to 
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have higher sulfur resistance than the Cu-2layer pure 
catalyst by significant margins. Given these findings, the 
Pt-2Cu-2layer skin catalyst was determined to be the most 
sulfur-resistant.
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Table 3.3: Comprehensive Binding Energy Table 
BINDING ENERGY  
1-layer 
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb COMPARISON 
Cu -0.1870786 -0.1892042 -0.1804854 -0.1653145   
Pt -0.3158759 -0.3422552 -0.1892887 -0.1625990   
Cu-Pt -0.1758143 -0.1956637 -0.1812567 -0.1637060   
Pt-Cu -0.3553152 -0.2399353       
2-layer 
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb COMPARISON 
Cu-2 -0.1286256 -0.1537152 -0.1696228 -0.1420208   
Pt-2       17.1733021   
Cu-Pt-2   -0.1477483 -0.2290399 -0.1428375   
Pt-Cu-2           
Cu-2Pt   -0.2365691 -0.2210164 -0.2020512   
Pt-2Cu   -0.0826193   -0.1223857   
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3.7 Maximum Sulfur Resistance of Most Effective Catalyst 
 The most sulfur-tolerant and cost-effective catalyst 
was found to be the Pt-2Cu-2layer alloyed catalyst. Thus, 
further investigation was performed. Its binding energy was 
found to be -0.1223857 eV (B3LYP/LANL2MB). This energy was 
calculated by allowing the triangle and S atoms to relax to 
their most probable positions. The subsequent maximum 
sulfur tolerance was calculated by forcing all of the atoms 
to remain stationary during simulation (including the S 
atom). The S atom x-y location began closest to that of 
position 4. The S atom position was iteratively changed in 
the z, x, and y directions to observe its affect on sulfur 
resistance. A pseudo-realistic catalyst-sulfur interaction 
scenario was created by having the S atom move across the 
triangle of the catalyst structure in a half-circle, 
counter-clockwise path increasing protrusion with each step 
(refer to Appendix A-3). In Figure 3.2 the yellow circle 
represents the S atom and the yellow line illustrates its 
path. The black triangle represents the Pt-2Cu-2layer‟s 
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triangle for the View 1 while the 2 parallel lines 
represent the first and second layer of the Pt-2Cu-2layer 
catalyst structure for the View 2. View 1 and View 2 are 
respective to the x-y axis and z-axis, respectively, for 
subsequent figures that involve views:  
 
View 1 
 
View 2 
Figure 3.2: Pseudo, Realistic Sulfur Travel Elucidation 
The step values represent the iterative steps across and 
away from the bulk structure. The condition changes caused 
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an overall increase in binding energy value. Nonetheless, 
effective sulfur resistance remained directly proportional 
to the most-positive (or least-negative) binding energy. 
Figure 3.3 displays binding energy and its relation to S 
atom position. 
 
Figure 3.3: Maximum Sulfur Tolerance of Pt-2Cu-2layer 
 The most effective sulfur resistance was recorded at 
step 4 with a binding energy of 1.7593762 eV. This result 
suggests that the S atom distance away from the Pt first 
layer significantly affects sulfur resistance. The result 
also suggests that the x-y location may play a less 
important role. Step 4‟s high sulfur resistance could be 
explained by the Pt first layer susceptibility to sulfur 
poisoning. At step 4, the sulfur atom is in the same plane 
as the first layer, and may bond so strongly with the 
surrounding Pt atoms that the underlying Cu atoms are not 
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adversely affected as seen in Figure 3.4. In steps 2 and 3 
the S atom breaks the Pt layer plane towards the Cu second 
layer which resulted in a sharp decline in sulfur 
resistance (refer to Appendix A-3). Contrary to results 
found in most of the other catalyst structures, the sulfur 
atom being positioned on the y-axis center line of the 
triangle proved insignificant. Unexpectedly, sulfur 
resistance decreased after step 5 with the distance away 
from the first layer increasing with each subsequent step. 
Conventional wisdom would deduce that sulfur resistance 
would increase as the S atom moved away, but the results 
suggest that Pt‟s adsorption of the S atom is ineffective 
after a certain z-axis distance. Pt serves as a protective 
layer, but is most effective when it adsorbs the S atom; 
which, in turn, lessens the probability for sulfur 
poisoning of the Cu layer; thus instantaneously increasing 
overall sulfur resistance.         
       
   View 1                          View 2 
Figure 3.4: Pt-2Cu-2layer, Step 4 (View 1 and View 2)  
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4. EXPERIMENTAL THEORY 
4.1 Sol-Gel Method 
Wright & Sommerdijk [18] performed a comprehensive 
review of sol-gel methodology, materials, chemistry, and 
applications. Through their review, they found key 
advantages for using sol-gel synthesis. The researchers 
stated that due to the temperature being low throughout all 
stages of the sol-gel process, excluding densification, the 
respective material‟s thermal degradation is mitigated; 
therefore achieving relatively high purity and 
stoichiometry [18]. Therefore, highly porous materials and 
nanocrystalline materials can be created [18]. Controlling 
different aspects of the synthesis can result in greater 
mechanical strength, pore size control, covalent 
attachments, and advantageous control over the rates of 
hydrolysis and condensation [18]. Some of the limitations 
of sol-gel they found were: the time-consuming nature of 
the process, the potential for shrinkage and cracking of 
the material, and the potential problems with dimensional 
change of densification [18].   
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Cannas et al. [16] made a 232 SiOOY   nanocomposite doped 
with 
3Eu  using the sol-gel method. The sol-gel method 
enabled change of the respective material‟s physical 
properties, thereby affecting the optical dynamics of the 
dopant [16].  
Hench and West [24] thoroughly investigated aspects of 
the sol-gel process. In the current research, a modified 
version of the sol-gel process was performed to produce 
cerium oxide [35]. The control of material properties and 
the other advantages provide the rationale for using the 
sol-gel method for material synthesis.  
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4.2 Synthesis of Nano-Ceria by Sol-Gel Method  
 Bruce et al. [23] stated that ceria is ideal for 
catalyst synthesis because it gives a pure dioxide after 
calcination of its salts and has desirable catalytic 
qualities which are largely due to its ability to form 
reversibly and non-stoichiometric sub-oxides. Thus, cerium 
(III) nitrate hexahydrate (99% metals basis) was 
commercially purchased for use in the current study from 
Sigma-Aldrich, in effort to synthesis nano-ceria. Citric 
acid monohydrate was commercially purchased from Sigma-
Aldrich per a modified version of the synthesis process 
from Kuang et al. [35].  
 In the current study, the cerium to citric acid mol 
ratio was 1:2 [35], thus 15 g (0.035 mol) of cerium and 14 
g of citric acid (0.069 mol) was added to 50 mL of 
distilled water at room temperature. The solution was 
stirred and heated to approximately 80 C . After removal 
from the heater, a yellow gel formed as the solution began 
cool down. The gel was gently stirred to confirm the 
gelatinous consistency. It was then covered with parafilm 
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and left to dry for approximately seven days. Findings from 
previous experimentation justified the need to dry the gel 
for seven days. Otherwise, the resultant cerium oxide 
particle size was too large. After the drying phase was 
complete, thermal decomposition was performed. The yellow 
paste was heated to approximately 250 C  for 1 hour. The 
yellow paste precursor transitioned to a bright yellow, 
agglomerated powder material.     
 The yellow powder was ground using a mortar and pestle 
before calcination to achieve nano-particle consistency. 
The powder was then split into necessary amounts and 
calcined at 400 C , 600 C , and 800 C  (refer to Appendix A-
5.1). The calcination temperature was maintained for 5 
hours at a temperature ramping rate of 10 C  per minute. 
After calcination, each powder was ground again to maintain 
nano-particle consistency. 
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4.3 Synthesis of Catalyst Solutions 
 In this research, catalyst solutions were produced to 
synthesize Cu, Pt, and Cu-Pt catalysts supported on 2CeO . 
To create the Cu catalyst solution, copper (II) acetate 
hydrate (98% assay) was purchased from Sigma-Aldrich. 
Rationale from previous experiments was used to determine 
the most soluble, XPS and SEM detectable molarity. Thus, 
9.08 g of Copper (II) was added to 2 mL of distilled water 
[34] initially. The solution was covered with aluminum foil 
(to avoid excess evaporation), heated, and stirred; it was 
then allowed to reach a maximum temperature of 
approximately C80 . During the heating process, 3 mL of 
water was added resulting in a molarity of 1 mol/L (1M). It 
was left to heat and stir, until a consistent solution was 
obtained. Solution consistency was achieved once the 
liquid-powder mixture became a liquid substance, with 
little to no signs of solid content. The Cu solution was 
then covered with parafilm and left to sit overnight. 
Finally, it was filtered (without using a vacuum pump) 
using a simplified version of vacuum filtration as 
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performed by Besra et al. [22]. 110 mm diameter, Whatman 
filter paper was used in each filtration and drying 
process.      
 Platinum (II) acetylacetonate was purchased from 
Sigma-Aldrich. Preliminary experiments were performed to 
determine the experimental solubility and desirable 
molarity of the Pt catalyst solution. 1 mL of nitric acid 
monohydrate (68%-70%), 9 mL of distilled water, and 0.1 g 
of platinum (II) were covered with aluminum foil, heated, 
and stirred at C
50  for 5 hours per the method performed by 
Bakalova et al. [2] for a molarity of 0.025M. The Pt 
solution was then filtered using simplified vacuum 
filtration.    
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4.4 Synthesis of Supported Ceria Catalysts 
 To acquire ceria powder with a Cu, Pt, Pt-Cu skin, or 
Cu-Pt alloy catalyst, a dipping process was performed. For 
a Cu catalyst supported on 2CeO  ceria powder was placed in 
a beaker along with approximately 5 mL of Cu solution and 
left to sit overnight. The sample was periodically agitated 
by moving the beaker by hand. It was then filtered using 
simplified vacuum filtration. The filter paper was then 
placed on aluminum foil and heated to C250 . The resultant 
powder was then ground. The Pt catalyst supported on 2CeO  
followed the same process.  
For the Pt-Cu skin catalyst supported on 2CeO , the 
ceria powder was first dipped in the Cu solution, filtered, 
and then dried. The Cu catalyst supported on 2CeO  was then 
dipped in the Pt solution followed by the subsequent steps 
mentioned above. The Cu-Pt alloy catalyst supported on 2CeO  
was created by placing ceria powder in a beaker along with 
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5 mL of Cu solution along with 3 mL of Pt solution. It sat 
overnight, was agitated, filtered, and dried following the 
same process as the Cu catalyst supported on 2CeO .  
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4.5 Reduction of Supported Ceria Catalysts 
 In the current study, reduction of supported ceria 
catalysts was performed using temperature-programmed 
reduction (TPR) [13] under a hydrogen/argon environment. 
Previous research by Al-Madfaa et al. [13] and Bruce et al. 
[23] reported that complete reduction of cerium oxide is 
difficult to accomplish. In the current research effort, 
reduction was administered to the Cu and Pt catalysts 
supported on 2CeO  (Red-Cu and Red-Pt) to investigate 
composition change, and to verify experimental practices. 
95% argon and 5% hydrogen flowed through the ceramic tube 
at a rate of approximately 10 psig. The temperature 
settings were 600 C  for 3 hours with a temperature ramping 
rate of 10 C  per minute.        
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4.6 X-ray Diffraction (XRD) 
 X-ray Diffraction (XRD) is an analytical technique 
that investigates crystallographic structure of materials. 
Its yielded signal is transported to an external source 
where the peak intensity in relation to its 2ϴ position was 
recorded. This is done by exciting the electrons of the 
material through the heating of the tungsten filament 
cathode. The electrons are then accelerated towards the 
anode. The energy loss created by the impact of the 
electrons with the water-cooled, metal anode spawns 
detectable x-rays [10].  
XRD was used in the current study to characterize the 
crystal structure of 2CeO , the Cu catalyst supported on 
2CeO , and the Pt catalyst supported on 2CeO  following the 
rationale of research conducted by Hahn et al. [16]. XRD 
data cards for the respective elements and compounds were 
all gathered from the RRUFF database and the American 
Mineralogist Crystal Structure Database.   
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4.7 X-ray Photoelectron Spectroscopy (XPS) 
 X-ray Photoelectron Spectroscopy (XPS) measures the 
elemental composition, empirical formula, chemical and 
electronic state of a material‟s surface (less than 10 nm 
depth). Most of the results are collected before reaching 
more than 1 nm in depth and gradually decrease as the depth 
increases. XPS is based on quantitative methods. The x-ray 
irradiates a material as the XPS measures the kinetic 
energy and amount of electrons that escape from the 
material surface. An Ultra High Vacuum (UHV) is necessary 
for its use. XPS was used in the current study to determine 
the surface composition of the Cu, Pt, Cu-Pt skin, and Cu-
Pt alloy catalysts supported on 2CeO . 
 Survey scans were performed from 1 to 1000 eV. Fine 
scans were subsequently administered in key areas 
elucidating content amounts and compositions. If the 
material was Cu supported on 2CeO , fine scans would be 
performed on the elements Cu, Ce, and oxygen.  
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The XPS data was gathered, transferred, and then 
analyzed using the CasaXPS software. Quantitative 
conclusions were reached using the NIST database‟s 
reference numbers for orbital peak position and energy 
charge [27]. Compositional inaccuracy was mitigated by 
utilizing a charge neutralizer and recognizing peak shifts, 
which also enabled compounds to be identified. Appropriate 
backgrounds were chosen to ensure compositional integrity 
as were the fitted peaks.    
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4.8 Scanning Electron Microscope (SEM)    
Scanning Electron Microscope (SEM) is a high-end 
microscope that views materials. The resultant x-ray 
signals determine material properties by exciting the 
surface, using a high energy beam of electrons. SEM can be 
used to observe topography, composition, and electrical 
conductivity.  
To visualize these above-mentioned characteristics, an 
analytical technique called Energy-Dispersive X-ray 
Spectroscopy (EDS) was utilized. EDS analyzes the x-rays 
that are emitted from charged particles. Unlike XPS, SEM 
analyzes more than just the surface of a specimen reaching 
depths of approximately 1-5 m . SEM was used to verify 
synthesis success and characterize specimen composition 
among other uses.  
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5. EXPERIMENTAL RESULTS AND DISCUSSION 
5.1 XRD Analysis  
The XRD data results were obtained by operating the X-
ray Diffractometer at a step rate of 2

 per minute in the   
2  range of 24.0   to 83.95  . Figure 5.1 represents the 
cerium powder @ 800˚C, Ceria XRD results: 
 
Figure 5.1: Cerium Powder @ C800 , XRD Graph 
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The validity of the results was verified by comparing peak 
position and intensity with the respective data card. Data 
cards are tables that list peak intensity and position for 
many compounds and elements. Table 5.1 is the cerianite-
(Ce) XRD data card which signifies 2CeO : 
Table 5.1: Cerianite-(Ce) XRD Data Card  
(http://rruff.info/ce/display=default/R050379) 
2- Theta Intensity% D-spacing H K L 
28.57 100.00 3.1240 1 1 1 
33.11 27.73 2.7055 2 0 0 
47.53 48.63 1.9131 2 2 0 
56.40 35.71 1.6315 3 1 1 
59.15 6.31 1.5620 2 2 2 
69.49 5.98 1.3527 4 0 0 
76.78 11.84 1.2414 3 3 1 
79.16 7.15 1.2099 4 2 0 
88.53 10.51 1.1045 4 2 2 
   
The first line of Table 5.1 has a 2ϴ value of 28.57˚. 
The peak intensity at that point is 100. This intensity 
value was normalized in relation to the other peak heights. 
One can easily see that peak in Figure 5.1 almost perfectly 
matched its corresponding values in the data card. The 
C600  cerium oxide, XRD results also matched the data card 
with overall peak intensity decreasing and peak widths 
increasing due to the calcination temperature decrease. In 
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the C400  case, the XRD results followed this same trend of 
decreasing overall peak intensity and increasing peak 
widths (refer to Appendix A-6.1). This width and peak trend 
is consistent with the XRD results of a specific element or 
compound respective to decreasing calcination temperature. 
Given these results, it can be concluded that the cerium 
oxide powder is of the 2CeO  composition.      
The platinum and copper XRD data cards are displayed 
in Table 5.2 and Table 5.3, respectively: 
Table 5.2: Platinum XRD Data Card  
(http://rruff.geo.arizona.edu/AMS/xtal_data/DIFfiles/10824.txt) 
2- Theta Intensity% D-spacing H K L 
39.80 100.00 2.2650 1 1 1 
46.28 47.55 1.9615 2 0 0 
67.53 27.67 1.3870 2 2 0 
81.35 30.79 1.1829 3 1 1 
85.80 8.87 1.1325 2 2 2 
 
Table 5.3: Copper XRD Data Card  
(http://rruff.geo.arizona.edu/AMS/xtal_data/DIFfiles/10812.txt) 
2- Theta Intensity% D-spacing H K L 
43.35 100.00 2.0871 1 1 1 
50.49 45.56 1.8075 2 0 0 
74.20 23.28 1.2781 2 2 0 
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The Pt catalyst supported on 2CeO  @ C
600  XRD results can 
be seen in Figure 5.2:      
 
Figure 5.2: Pt Catalyst Supported on Cerium Oxide @ C600 , XRD Graph 
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intensity respectively should also be visible in Figure 
5.2. Given that they are not visible, this suggests that 
there is no detectable amount of Pt content in the Pt 
catalyst supported on 2CeO  crystal structure. 
 The Cu catalyst supported on 2CeO  @ C
600  XRD results 
are seen in Figure 5.3:                            
 
Figure 5.3: Cu Catalyst Supported on Cerium Oxide @ C600 , XRD Graph 
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copper XRD data card (refer to Table 5.3 & Figure 5.3). The 
XRD results of both the Cu and Pt catalysts supported on 
2CeO  show no detectable amount of Cu or Pt content. The 
results also indicate that the crystallographic structure 
of 2CeO  was not significantly altered, suggesting that if 
the Cu or Pt content exists it would be present on the 2CeO  
surface. 
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5.2 SEM Analysis of Cerium Oxides 
In Sections 5.2 and 5.3 the results were gathered by 
SEM operation and EDS analysis. As stated in Section 4.8, 
SEM yields results suggesting material properties at depths 
of 1-5 m . Thus, the results that EDS produced reflect the 
materials‟ internal compositions. To optimize 
experimentation time, material costs, and result 
comparisons, a single cerium oxide precursor had to be 
chosen. Thorough SEM/EDS analysis was used to determine 
which cerium oxide precursor (400 C , 600 C , or 800 C ) to 
perform further experimentation on. Some of the factors 
considered were nano-particle formation and composition, 
among other visual qualities and compositional quantities.  
The results shown in Figure 5.2 cerium oxide @ C400  
showed symptoms of formation failure: 
 
 
74 
    
Element Wt% At% 
  OK 16.78 63.87 
 CeL 82.08 35.67 
 SmL 01.14 00.46 
Matrix Correction ZAF 
Figure 5.4: Cerium Powder @ C400 , SEM/EDS 
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The EDS atomic percentage count shows that an overall 
composition of 32OCe  was not reasonably achieved. The 
expected overall composition was 32OCe  while the larger 
particles were expected to be of the composition 2CeO . The 
Sm content can be considered insignificant.    
 The cerium oxide @ C600  precursor results showed good 
composition along with fully formed nano-particles (see 
Figure 5.3): 
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Element Wt% At% 
  OK 14.17 59.13 
 CsL 01.53 00.77 
 CeL 81.73 38.95 
 SmL 02.58 01.14 
Matrix Correction ZAF 
Figure 5.5: Cerium Powder @ C600 , SEM/EDS 
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The ratio between oxygen and cerium was very close to 2:3. 
Further investigation elucidated the composition difference 
between small and large particles (refer to Figure 5.6 and 
Figure 5.7):    
    
Element Wt% At% 
  OK 17.33 64.72 
 CsL 00.76 00.34 
 CeL 81.91 34.93 
 SmL 00.00 00.00 
Matrix Correction ZAF 
Figure 5.6: Cerium Powder @ C600 , SEM/EDS (Large) 
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Element Wt% At% 
  OK 10.40 50.45 
 CsL 01.41 00.82 
 CeL 84.96 47.05 
 SmL 03.23 01.67 
Matrix Correction ZAF 
Figure 5.7: Cerium Powder @ C600 , SEM/EDS (Small) 
The larger particles, as seen in Figure 5.6, showed a 2CeO  
composition. The smaller, nano-particles of Figure 5.7 
showed an unusual 1:1 ratio, suggesting that throughout the 
material, various compositions were achieved. The C800  case 
followed the same trend as the C600  (refer to Appendix A-
7). Considering the results obtained, the C600  cerium 
oxide material was used for further experimentation. Its 
particle size was estimated using AFM (Atomic Force 
Microscopy). Figure 5.8 displays a high-resolution picture 
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of the C600  cerium oxide powder. The estimated particle 
size was found to be 50 nm. 
 
Figure 5.8: Cerium Powder @ C600 , AFM 
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5.3: SEM Analysis of Catalysts Supported on Cerium Oxide 
 To verify successful synthesis, the Cu and Pt 
catalysts supported on 2CeO  were analyzed using SEM/EDS. 
The objective was to have enough catalyst content 
(approximately > 2 Wt%) to successfully analyze surface 
composition using XPS. Cu molarities of 0.0025M, 0.025M, 
0.25M, and 1M were analyzed to determine a molarity that 
would yield an appropriate Cu Wt% (refer to Appendix A-
8.1). Cu molarities of 0.25M and 1M yielded the desired 
Wt%. 1M Cu catalyst supported on 2CeO  was used. Figure 5.8 
displays its SEM/EDS results. The CuK Wt% was 4.52%, which 
was well above the target threshold.      
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Element Wt% At% 
  OK 16.70 62.23 
 CeL 78.79 33.53 
 CuK 04.52 04.24 
Matrix Correction ZAF 
Figure 5.9: Cu catalyst supported on 2CeO , SEM/EDS 
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 As described in Section 4.3, the Pt molarity was 
chosen to be 0.025M. The Pt catalyst supported on 2CeO  was 
analyzed to verify synthesis success and overall Pt content 
(refer to Appendix A-8.2). The synthesis of both the Cu and 
Pt catalysts supported on 2CeO  was determined to be 
successful. Detailed surface composition analysis was 
subsequently performed using XPS. 
 SEM/EDS results of the Pt-Cu skin catalyst supported 
on 2CeO  displayed a legitimate amount of Cu (3.73 Wt%) with 
little Pt content (0.98 Wt%). In Section 4.8 the depth of 
the SEM/EDS system was explained inferring that the surface 
layers of a material are not significant in the SEM/EDS 
analysis. Surface characteristics are assumed to play an 
insignificant role in EDS results. Therefore, the SEM/EDS 
results shown in Figure 5.9 cannot solely determine if the 
catalyst structure was successfully synthesized in efforts 
of creating a Pt coated surface followed by a Cu layer 
supported on 2CeO  (skin catalyst). XPS analysis was 
necessary to garner conclusive evidence. What the results 
in Figure 5.9 demonstrate is the undeniable presence of Cu 
below the material‟s surface. 
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Element Wt% At% 
  OK 14.85 59.28 
 PtM 00.98 00.32 
 CeL 80.43 36.65 
 CuK 03.73 03.75 
Matrix Correction ZAF 
Figure 5.10: Cu-Pt Skin Catalyst supported on 2CeO , SEM/EDS
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 The Cu-Pt alloy catalyst supported on 2CeO  SEM/EDS 
results showed various compositions involving desirable 
levels of both Pt and Cu content. Figure 5.10 focuses on a 
single particle but gives a desirable result (refer to 
Appendix A-8.4). Concluding that the synthesis method 
produced a Cu-Pt alloy would take supporting XPS results. 
It would be a mistake to assume successful synthesis 
without further analysis. 
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Element Wt% At% 
  OK 20.66 69.26 
 CeL 74.97 28.69 
 CuK 01.49 01.26 
 PtL 02.88 00.79 
Matrix Correction ZAF 
Figure 5.11: Cu-Pt Alloy Catalyst supported on 2CeO , SEM/EDS
 
 
86 
5.4 XPS Analysis of Catalysts Supported on Cerium Oxide 
 Sections 5.4 and 5.5 reflect results obtained in this 
study via XPS operation. The data was analyzed using the 
software CasaXPS. As stated in Section 4.7, XPS analyzes 
only the surface of a material.  
 The Cu catalyst supported on 2CeO  survey scan can be 
seen in Figure 5.11: 
 
Figure 5.12: Cu on Ce Survey Scan 
In this research, the survey scan served as supplemental 
resource to verify proper XPS operation and to determine 
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the existence of certain elements. It was not used to 
specify those elements‟ compounds or compositions.  
The Cu catalyst supported on 2CeO  fine scan of the Ce-
3d range can be seen in Figure 5.12:  
 
Figure 5.13: Cu on Ce, Ce-3d Fine Scan 
The maroon line represents the original scan line (Figure 
5.11 displays only the original scan line). The other 
colored lines represent the background and fitted peaks 
inserted to assist in the accurate estimation of 
compositions and compounds (please observe the Figures’ 
legend). Fine scans of the other key elements were also 
pertinent for accomplishing this task. In this case, the 
Cu-2p and O-1s fine scans were performed and can be seen in 
Figures 5.13 and 5.14, respectively: 
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Figure 5.14: Cu on Ce, Cu-2p Fine Scan 
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Figure 5.15: Cu on Ce, O-1s Fine Scan 
Most of the subsequent XPS results share a similar format. 
The results suggested that there was 14.6% of Cu content. 
The compositions found were 2CeO  and CuOH, which suggest 
the successful synthesis of the Cu catalyst supported on 
2CeO .    
 The XPS results for the Pt catalyst supported on 2CeO  
were collected. Its Pt-4f fine scan can be seen in Figure 
5.15: 
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Figure 5.16: Pt on Ce, Pt-4f Fine Scan 
The Pt content was found to be 1.1% with the compositions 
being 2CeO , NOHPt )( , and NPtO . The results suggest that the 
Pt compositions varied, but were estimated to be mostly of 
these compositions: 2)(OHPt , 4)(OHPt , and 5.1PtO . Given these 
results, it can be concluded that the synthesis of the Pt 
catalyst supported on 2CeO  was successful.             
 In Section 5.3 the SEM results showed that the Pt-Cu 
skin catalyst supported on 2CeO  consisted of mostly Cu, 
oxygen, and Ce. Its Pt content was negligible. The Pt-Cu 
skin catalyst supported on 2CeO  XPS results displayed Pt 
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content with no Cu content detected. The Pt-4f fine scan is 
shown in Figure 5.16:             
 
Figure 5.17: Pt-Cu Skin on Ce, Pt-4f Fine Scan 
This figure shows obvious Pt peaks. The Cu-2p fine scan was 
performed to determine if there was any Cu content on the 
material‟s surface as seen in Figure 5.17: 
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Figure 5.18: Pt-Cu Skin on Ce, Cu-2p Fine Scan 
There were no peaks present and no Cu content detected. The 
Pt compositions were found to be NOHPt )(  and NPtO . The XPS 
and SEM/EDS results of the Pt-Cu skin catalyst supported on 
2CeO  establish successful synthesis. 
 The Cu-Pt alloy catalyst supported on 2CeO  Cu-2p fine 
scan is shown in Figure 5.18: 
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Figure 5.19: Cu-Pt Alloy Skin on Ce, Cu-2p Fine Scan 
The pertinent Cu peaks are present, indicating a small 
amount of Cu content on this material‟s surface. The Cu-Pt 
catalysts on 2CeO  Pt-4f fine scan is shown in Figure 5.19: 
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Figure 5.20: Cu-Pt Alloy Skin on Ce, Pt-4f Fine Scan 
This fine scan indicates Pt content on this material‟s 
surface. The composition of the Pt and Cu content consisted 
of hydroxides and sub-oxides. These XPS results in 
combination with the relevant SEM results strongly suggest 
that the Cu-Pt alloy catalyst supported on 2CeO  was 
successfully synthesized.   
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5.5 XPS Analysis of Reduced-Catalysts supported on Cerium 
Oxide 
 In Section 5.4 the XPS results of the Cu and Pt 
catalysts supported on 2CeO  were performed. Cu and Pt 
hydroxides, oxides, and sub-oxides were detected. These two 
catalyst structures were hydrogen reduced using TPR in a 
95% argon and 5% hydrogen environment. The objective was to 
observe hydrogen reduction characteristics and detect metal 
oxide content on the materials‟ surface. 
 The Red-Cu catalyst supported on 2CeO  Cu-2p fine scan 
is shown in Figure 5.20: 
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Figure 5.21: Red-Cu on Ce, Cu-2p Fine Scan 
The Cu compositions showed increase in hydrogen content, 
but not to an extent of which most of the metal content 
were pure metal oxide. This would suggest partial hydrogen 
reduction. 
 The Red-Pt catalyst supported on 2CeO  Pt-4f fine scan 
was performed and is shown in Figure 5.21: 
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Figure 5.22: Red-Pt on Ce, Pt-4f Fine Scan 
As in the previous set of results, the Pt results showed 
increase in hydrogen content which suggests partial 
hydrogen reduction. A fully reduced sample would produce a 
water byproduct by dissociating the hydroxide bonds of the 
metal hydroxides, yielding an increase in metal oxide 
content. Both the Red-Cu and Red-Pt catalysts supported on 
2CeO  results suggest that partial hydrogen reduction was 
achieved. To see comprehensive scans for the Red-Cu and 
Red-Pt catalysts supported on 2CeO  refer to Appendix A-9.2 
and A-9.4.               
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6 CONCLUSIONS AND FUTURE WORK 
6.1 Computational Conclusions 
 The 1-layer Structure Set consisted of the following 
catalyst structures: Cu-1layer, Cu-Pt-1layer, Pt-1layer, 
and Pt-Cu-1layer. The 2-layer Structure Set consisted of 
the following catalyst structures: Cu-2layer, Cu-Pt-2layer, 
Cu-2Pt-2layer, Pt-2layer, Pt-Cu-2layer, and Pt-2Cu-2layer. 
After computational simulation using Gaussian 03 and 09, 
and after thorough analysis, the Pt-2Cu-2layer skin 
catalyst was found to be the most sulfur-resistant of the 
catalysts simulated.  
The protective-natured Pt first layer proved to be the 
main reason for its increased resistance. Optimized sulfur 
resistance occurred when the S atom was closely bonded with 
the Pt layer and sharply decreased as the S atom moved away 
from the catalyst structure. These results suggest that the 
x-y S atom location is not as significant as the z-axis 
location when optimizing sulfur resistance; although, the 
Pt-2Cu-2layer skin catalyst structure naturally relaxed 
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with S resting several angstroms away from the bulk 
structure.   
 Although the Pt-2Cu-2layer skin catalyst was found to 
be the most sulfur-resistant catalyst, it cannot be 
concluded to be most cost-effective without an 
experimentally supported cost-benefit analysis. This 
analysis would serve to compare the Pt-Cu skin catalyst 
supported on 2CeO  with the Cu pure catalyst supported on 
2CeO . The results in the current study do not encompass 
such an analysis and only propose that the Pt-2Cu-2layer 
skin catalyst might prove most cost-effective.  
Given that Pt costs are significantly high in 
comparison to Cu cost, empirical research must be cited to 
support the finding that the Pt-Cu skin catalyst yields 
impressively high SOFC output and sulfur tolerance. 
Otherwise, the pure Cu catalyst might emerge as the most 
cost-effective catalyst. 
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6.1.1 Computational Future Work     
  Further computational simulation work must be 
performed to explain differences in relaxation and their 
relation to S starting position (refer to Appendix 1.2), 
especially in the pure Pt catalyst case. If a thorough 
understanding of pure Pt catalyst characteristics were 
obtained, the knowledge of the Pt layer of the Pt-2Cu-
2layer skin catalyst would be extremely beneficial. Also, 
the catalyst structure sets should include pure nickel and 
alloyed nickel catalysts. This would be beneficial for 
further clarification and comparisons. 
 Future work should also include hydrogen atoms being 
connected to the catalyst structure‟s edge atoms so that 
more realistic sulfur interaction can be observed. These 
hydrogen atoms should be allowed to relax. Data involving 
the probability of yielding hydrogen sulfide, the charge 
transfer between the catalyst structure, S, and the 
hydrogen atoms, along with relaxation changes should be 
collected.    
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6.2 Experimental Conclusions  
 Nano-ceria was synthesized via the sol-gel method. 
Synthesis of Cu, Pt, Cu-Pt alloy, and Pt-Cu skin catalysts 
supported on 2CeO  via the dipping and drying processes was 
administered. The Cu and Pt catalysts supported on 2CeO  
were reduced using TPR in an argon/hydrogen environment. 
XRD, SEM/EDS, and XPS analysis were performed to determine 
successful synthesis of these catalysts supported on 2CeO , 
internal compositions, and surface compositions.  
SEM/EDS and XRD results verified the successful 
synthesis of 2CeO . Through the analysis of SEM/EDS results, 
it was determined that the C600  2CeO  was the least time-
consuming to synthesize and encompassed fully-formed and 
compositionally-sound nano-particles.  It was concluded from 
the SEM/EDS results in combination with the XPS results 
that the Cu, Pt, Cu-Pt alloy, and Pt-Cu skin catalysts 
supported on 2CeO  were successfully synthesized. XPS 
results suggest that the Red-Cu and Red-Pt catalysts 
supported on 2CeO  was partially reduced yielding detectable 
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amounts of metal oxides, sub-oxides, and hydroxides. The 
synthesis methodology performed in this study can be 
applied to synthesize Cu, Pt, Cu-Pt alloy, and Pt-Cu skin 
catalysts supported on 2CeO . This methodology can also be 
applied to synthesize other catalyst structures.  
Due to the computational results and the proven 
synthesis process, the Pt-Cu skin catalyst supported on 
2CeO  should be seriously considered for SOFC application 
and potential commercialization.      
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6.2.1 Experimental Future Work            
 Continued experimentation and synthesis must be 
performed to establish the application of the various Cu, 
Pt, Pt-Cu skin, and Cu-Pt alloy catalysts supported on  
2CeO . The synthesis method of the Pt-Cu skin and Cu-Pt 
alloy catalysts supported on 2CeO  must be performed 
successfully and verified with adjustments to the Cu and Pt 
solution molarities.  
The objective would be to synthesize catalytic ratios 
that resemble the alloyed and skin compositional ratios 
that the computationally-simulated catalyst structures 
possess. Subsequently, testing of the catalysts supported 
on 2CeO  would be administered in a sulfur environment 
undergoing realistic operating conditions. After 
preliminary fuel cell operation results were obtained, 
further optimization of solution molarities, composition, 
fuel cell creation method, among other aspects would be 
performed. Furthermore, the computational simulations would 
have to be adjusted to model the newly-optimized materials 
for more accurate characteristic observations.   
 
 
104 
REFERENCES 
[1] A. Azad, M.J. Duran, A.K. McCoy, M.A. Abraham. 
Development of ceria-supported sulfur-tolerant 
nanocatalysts: Pd-based formulations. Applied 
Catalysis A: General 332 (2007) 225-236. 
[2] A. Bakalova, H. Varbanov, R. Buyukliev, S. Stanchev, G. 
Momekov, D. Ivanov. Novel Pt(II) and Pt(IV) complexes 
with 3-amino-5-methyl-5-(4-pyridyl)-2, 4-
imidazolidenedione. Synthesis, physicochemical, 
chemometric and pharmacological investigation. 
Inorganica Chimica Acta 363 (2010) 1568-1576. 
[3] A. Becke. Density-functional exchange-energy 
approximation with correct asymptotic behavior. 
Physical Review A 38 (1988) 6 3098. 
[4] A. Becke. Density-functional thermochemistry. I. The 
effect of the exchange-only gradient correction. 
Journal of Chemistry and Physics 96 (1992) 2155. 
 
 
105 
[5] A. Hinchliffe. Molecular Modeling for Beginners. The 
University of Manchester 2008, Second Edition, pgs 151 
– 153. 
[6] A. Luna, M. Alcamí, O. Mó, M. Yáñez. 
Cu  binding 
energies. Dramatic failure of the G2 method vs. good 
performance of the B3LYP approach. Chemical Physics 
Letters (2000) 129-138. 
[7] F.E. Jorge, E.V.R. de Castro, A.B.F. da Silva. Accurate 
universal Gaussian basis set for hydrogen through 
lanthanum generated with the generator coordinate 
Hartree-Fock method. Chemical Physics 216 (1997) 317-
321. 
[8] B. Ksapabutr, E. Gulari, S. Wongkasemjit. Sol-gel 
derived porous ceria powders using cerium glycolate 
complex as precursor. Materials Chemistry and Physics 
99 (2006) 318-324. 
[9] C. Agrafiotis, A. Tsetsekou, C.J. Stournaras, A. Julbe, 
L. Dalmazio, C. Guizard. Evaluation of sol-gel methods 
for the synthesis of doped-ceria environmental 
catalysis systems. Part I: preparation of coatings. 
Journal of the European Ceramic Society 22 (2002) 15-
25. 
 
 
106 
[10] C. Suryanarayana, M.G. Norton. X-Ray Diffraction A 
Practical Approach. 1998 Plenum Press, New York, pg 5. 
[11] F.P. Nagel, T.J. Schildhauer, J. Sfeir, A. Schuler, 
S.M.A. Biollaz. The impact of sulfur on the 
performance of a solid oxide fuel cell (SOFC) system 
operated with hydrocarboneous fuel gas. Journal of 
Power Sources 189 (2009) 1127-1131. 
[12] H. Devianto, S.P. Yoon, S.W. Nam, J. Han, T. Lim. The 
effect of a ceria coating on the SH 2  tolerance of a 
molten carbonate fuel cell. Journal of Power Sources 
159 (2) (2006) 1147-1152. 
[13] H.A. Al-Madfaa, M.M. Khader. Reduction kinetics of 
ceria surface by hydrogen. Materials Chemistry and 
Physics 86 (2004) 180-188. 
[14] H.P. He, A. Wood, D. Steedman, M. Tilleman. Sulphur tolerant 
shift reaction catalysts for nickel-based SOFC anode. Solid 
State Ionics 179 (2008) 1478-1482. 
[15] H.P. He, R.J. Gorte, J.M. Vohs. Electrochem and Solid-State 
Lett 8 (6) (2005) A279. 
[16] H.W. Hahn, R. Tannenbaum, D.L. Feldheim, C.P. Kubiak, 
& R.W. Siegel. Synthesis, Functional Properties and 
Applications of Nanostructures. Materials Research 
 
 
107 
Society (MRS), Symposium Proceedings, (2002) Volume 
676, pgs Y3.18.1-Y3.18.3. 
[17] I.C. Lee, H.C. Ubanyionwu. Determination of sulfur 
contaminants in military jet fuels. Fuel 87 (2008) 
312-318. 
[18] J.D. Wright, N.A.J.M. Sommerdijk. Sol-Gel Materials 
Chemistry and Applications. Advanced Chemistry Texts, 
(2001) Volume 4, pgs 4-5. 
[19] J.R. Hill, L. Subramanian, and A. Maiti. Molecular 
Modeling Techniques in Materials Sciences. 2005 by 
Taylor & Francis Group, LLC, pgs 20-23.  
[20] K. Cowey, K.J. Green, G.O. Mepsted, R. Reeve. Portable 
and military fuel cells. Current Opinion in Solid 
State and Materials Science 8 (2004) 367-371. 
[21] Official Gaussian Website. http://www.gaussian.com/. 
Copyright 2009, Gaussian, Inc. All rights reserved. 
[22] L. Besra, B.P. Singh, P.S.R. Reddy, D.K. Sengupta. 
Influence of surfactants on filter cake parameters 
during vacuum filtration of flocculated iron ore 
sludge. Powder Technology 96 (1998) 240-247. 
 
 
108 
[23] L.A. Bruce, M. Hoang, A.E. Hughes, T.W. Turney. 
Surface area control during synthesis and reduction of 
high ceria catalyst supports. Applied Catalysis A: 
General 134 (1996) 351-362. 
[24] L.L. Hench, J.K. West. The Sol-Gel Process. Chemical 
Reviews 90 (1990) 33-72. 
[25] M. Gong, X. Liu, J. Trembly, C. Johnson. Sulfur-
tolerant anode materials for solid oxide fuel cell 
application. Journal of Power Sources 168 (2007) 289-
298. 
[26] N. Maung. The evaluation of bond dissociation energies 
for simple sulphur containing molecules using ab 
initio and density functional methods. Journal of 
Molecular Structure (Theochem) 460 (1999) 159-166. 
[27] NIST. http://srdata.net.gov/xps/ElmComposition.aspx. 
Last Updated: May 26, 2010. 
[28] O.T. Filho, J.C. Pinheiro, R.T. Kondo. The generator 
coordinate Hartree-Fock method as strategy for 
building Gaussian basis sets to ab initio study of the 
process of adsorption of sulfur on platinum (200) 
surface. Journal of Molecular Structure: THEOCHEM 716 
(2005) 89-92. 
 
 
109 
[29] R. Blanco, J.M. Orts. B3LYP study of water adsorption 
on cluster models of Pt(1 1 1), Pt(1 0 0) and Pt(1 1 
0): Effect of applied electric field. Electrochimica 
Acta 53 (2008) 7796-7804. 
[30] R.J. Gorte, H. Kim, J.M. Vohs. Novel SOFC anodes for 
the direct electrochemical oxidation of hydrocarbon. 
Journal of Power Sources 106 (1-2) (2002) 10-15. 
[31] T. Jacob. The Mechanism of Forming H 2 O from H 2  and O 2  
over a Pt Catalyst via Direct Oxygen Reduction. Fuel 
Cells 06 No. 3-4, (2005) 160-163. 
[32] T. Ishihara, T. Shibayama, H. Nischiguchi, Y. Takita. 
Nickel-Gd-doped 2CeO  cermet anode for intermediate 
temperature operating solid oxide fuel cells using 
3LaGaO -based perovskite electrolyte. Solid State 
Ionics 132 (3-4) (2000) 209-216. 
[33] V.P. Pakharukova, E.M. Moroz, V.V. Kriventsov, D.A. 
Zyuzin, G.R. Kosmambetova, P.E. Strizhak. Copper-
cerium oxide catalysts supported on monoclinic 
zirconia: Structural features and catalytic behavior 
in preferential oxidation of carbon monoxide in 
hydrogen excess. Applied Catalysis A: General 365 
(2009) 159-164. 
 
 
110 
[34] V.N. Kislenko, R.M. Verlinskaya. Kinetics of copper 
dissolving in the water solution of polyacrylic acid 
or its copolymers with acrylonitrile and hydrogen 
peroxide. Journal of Colloid and Interface Science 265 
(2003) 129-133. 
[35] W. Kuang, Y. Fan, K. Yao, Y. Chen. Preparation and 
Characterization of Ultrafine Rare Earth Molybdenum 
Complex Oxide Particles. Journal of Solid State 
Chemistry 140 (1998) 354-360. 
[36] Y.M. Choi, C. Compson, M.C. Lin, M. Liu. Ab initio 
analysis of sulfur tolerance of Ni, Cu, and Ni-Cu 
alloys for solid oxide fuel cells. Journal of Alloys 
and Compounds 427 (2007) 25-29. 
[37] Y. Matsuzaki, I. Yasuda. The poisoning effect of sulfur-
containing impurity gas on a SOFC anode: Part I. Dependence 
on temperature, time, and impurity concentration. Solid 
State Ionics 132 (2000) 261-269. 
[38] Y. Yoshimura, M. Toba, T. Matsui, M. Harada, Y. 
Ichihashi, K.K. Bando, H. Yasuda, H. Ishihara, Y. 
Morita, T. Kameoka. Active phases and sulfur tolerance 
of bimetallic Pd-Pt catalysts used for hydrotreatment. 
Applied Catalysis A: General 322 (2007) 152-171. 
 
 
111 
[39] Z. Xu, J. Luo, K.T. Chauang. The study of Au/MoS 2  
anode catalyst for solid oxide fuel cell (SOFC) using 
H 2 S-containing syngas fuel. Journal of Power Sources 
188 (2009) 458-462. 
[40] Z.F. Zhou, C. Gallo, M.B. Pague, H. Schobert, S.N. 
Lvov. Direct oxidation of jet fuels and Pennsylvania 
crude oil in a solid oxide fuel cell. Journal of Power 
Sources 133 (2) (2004) 181-187. 
  
 
 
112 
APPENDIX 
A-1: BINDING ENERGY CALCULATIONS 
A-1.1: Comprehensive Binding Energy Table 
1-layer 
BINDING ENERGY  
1-layer 
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb COMPARISON 
Cu -0.1870786 -0.1892042 -0.1804854 -0.1653145   
Pt -0.3158759 -0.3422552 -0.1892887 -0.1625990   
Cu-Pt -0.1758143 -0.1956637 -0.1812567 -0.1637060   
Pt-Cu -0.3553152 -0.2399353       
2-layer 
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb COMPARISON 
Cu-2 -0.1286256 -0.1537152 -0.1696228 -0.1420208   
Pt-2       17.1733021   
Cu-Pt-2   -0.1477483 -0.2290399 -0.1428375   
Pt-Cu-2           
Cu-2Pt   -0.2365691 -0.2210164 -0.2020512   
Pt-2Cu   -0.0826193   -0.1223857   
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A-1.2: Detailed Simulation Results 
scfcyc= 7000   
scfcon= 6   
cyc & con   
32gb, cyc & con   
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
AVG. 
DIFFERENCE 
Cu-S-pos1 -2350.121901 -2349.97612 -2364.327976 -2364.112204 14.1710794 
Cu-S-pos2 -2350.12901 -2349.976191 -2364.327976 -2364.112204 14.16748945 
Cu-S-pos3 -2350.129007 -2349.976119 -2364.327976 -2364.112204 14.16752685 
Cu-S-pos4 -2350.129007 -2349.97612 -2364.327976 -2364.112204 14.1675264 
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ENERGY CALCULATION (eV) 
   
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
 Pt-S-pos1   -1428.335889 -1440.10389 -1439.8791 
 Pt-S-pos2     -1440.09987   
 
Pt-S-pos3 
-
1428.6315     -1439.884 
 
Pt-S-pos4 
-
1428.6315   
-
1440.099818   
 BOLD DIFFERENT RELAXATION 
   
ENERGY CALCULATION (eV) 
   
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
 Cu-Pt-S-
pos1 -2273.35909 -2273.214682 -2287.33453 -2287.110577 
 Cu-Pt-S-
pos2 -2273.365373 -2273.3168 -2287.334531 -2287.110576 
 Cu-Pt-S-
pos3   -2273.214568 -2287.334532 -2287.110577 
 Cu-Pt-S-
pos4 -2273.379844 -2273.21975 -2287.334531 -2287.110577 
 BOLD DIFFERENT RELAXATION 
   
ENERGY CALCULATION (eV) 
   
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
 Pt-Cu-S-pos1         
 Pt-Cu-S-pos2 -1505.763977 -1505.4431     
 Pt-Cu-S-pos3   -1505.3135     
 Pt-Cu-S-pos4         
 BOLD DIFFERENT RELAXATION 
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2-layer 
scfcyc= 
7000   
scfcon= 6   
cyc & con   
32gb, cyc 
& con   
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
AVG. 
DIFFERENCE 
Cu-S-2-
pos1 -3520.139182 -3519.950624 -3541.478449 -3541.186223 21.28743305 
Cu-S-2-
pos2         0 
Cu-S-2-
pos3         0 
Cu-S-2-
pos4         0 
      
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
AVG. 
DIFFERENCE 
Pt-S-2-
pos1         0 
Pt-S-2-
pos2           
Pt-S-2-
pos3       -2137.680127   
Pt-S-2-
pos4         0 
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ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2d
z lanl2mb lanl2dz lanl2mb 
AVG. 
DIFFERENCE 
Cu-Pt-S-2-pos1   -3443.210384 -3464.578196 -3464.218195 
1742.79300
3 
Cu-Pt-S-2-pos2         0 
Cu-Pt-S-2-pos3         0 
Cu-Pt-S-2-pos4         0 
      
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
AVG. 
DIFFERENCE 
Pt-Cu-S-2-pos1         0 
Pt-Cu-S-2-pos2         0 
Pt-Cu-S-2-pos3         0 
Pt-Cu-S-2-pos4         0 
      
ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
AVG. 
DIFFERENCE 
Cu-2Pt-S-pos1   -3059.223526 -3079.502551 -3079.162053 
1549.72053
9 
Cu-2Pt-S-pos2         0 
Cu-2Pt-S-pos3         0 
Cu-2Pt-S-pos4         0 
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ENERGY CALCULATION (eV) 
  
  
HF B3LYP 
lanl2dz lanl2mb lanl2dz lanl2mb 
AVG. 
DIFFERENCE 
Pt-2Cu-S-
pos1         0 
Pt-2Cu-S-
pos2   -2598.531183 -2617.412477 -2617.100543 1317.990919 
Pt-2Cu-S-
pos3   -2598.531183 -2617.412475 -2617.710956 1318.296124 
Pt-2Cu-S-
pos4   -2598.558708     
-
1299.279354 
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A-2: ELECTRON CHARGE TRANSFER TABLES 
A-2.1: Cu-1layer 
Structure: CuS (pos1-B) 
 
 
 
 
       Atom # Atom Charge 
         1 Cu -0.192137 
         2 Cu -0.192151 
         3 Cu -0.192151 
         4 Cu 0.026938 
         5 Cu 0.026938 
         6 Cu 0.161920 
         7 Cu 0.161920 
         8 Cu 0.026998 
         9 Cu 0.026956 
         10 Cu 0.026998 
         11 Cu 0.161920 
         12 Cu 0.026956 
         13 S -0.071380 
         SUM -0.000275 
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A-2.2: Cu-Pt-1layer 
      
 
 
 
 
       Structure: Cu-Pt-S (pos1-B) 
         Atom # Atom Charge 
         1 Cu -0.218627 
         2 Cu 0.039073 
         3 Cu -0.219395 
         4 Cu 0.029783 
         5 Cu 0.015103 
         6 Cu -0.024943 
         7 Cu -0.032546 
         8 Cu 0.014467 
         9 Cu 0.028562 
         10 Cu 0.114026 
         11 Cu 0.111301 
         12 S 0.056131 
         13 Pt 0.087063 
         SUM -0.000002 
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A-2.3: Pt-1layer 
      
 
 
 
 
       Structure: PtS (pos1-HFMB) 
         Atom # Atom Charge 
         1 Pt -0.036229 
         2 Pt -0.036248 
         3 Pt 0.172381 
         4 Pt 0.096027 
         5 Pt 0.096033 
         6 Pt -0.018800 
         7 Pt 0.045476 
         8 Pt 0.045484 
         9 Pt -0.018823 
         10 Pt 0.003603 
         11 Pt -0.034434 
         12 Pt 0.003588 
         13 S -0.318056 
         SUM 0.000002 
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A-2.4: Pt-Cu-1layer 
      
         
Structure: Pt-Cu-S (pos2-HF) 
  
 
       Atom # Atom Charge 
         1 Pt -0.159233 
         2 Pt -0.134954 
         3 Pt 0.188059 
         4 Pt 0.050333 
         5 Pt -0.016057 
         6 Pt -0.107459 
         7 Pt -0.035635 
         8 Pt -0.013644 
         9 Pt -0.013221 
         10 Pt 0.066693 
         11 Pt 0.002707 
         12 S -0.206969 
         13 Cu 0.379380 
         SUM 0.000000 
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A-2.5: Cu-2layer 
Structure: CuS-2 (pos1-B) 
 
 
 
 
        Atom # Atom Charge 
          1 Cu 0.271162 
          2 Cu 0.271161 
          3 Cu -0.220926 
          4 Cu 0.271162 
          5 Cu -0.220926 
          6 Cu -0.220926 
          7 Cu 0.638530 
          8 Cu 0.127943 
          9 Cu 0.127943 
          10 Cu -0.958030 
          11 Cu 0.638531 
          12 Cu -0.958030 
          13 Cu 0.127943 
          14 Cu 0.127944 
          15 Cu 0.638531 
          16 Cu 0.127944 
          17 Cu -0.958029 
          18 Cu 0.127944 
          19 S 0.040129 
          SUM 0.000000 
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A-2.6: Cu-Pt-2layer 
      
          Structure: Cu-Pt-S-2 (pos1-B) 
 
 
Atom # Atom Charge 
 1 Cu 0.183902 
 2 Cu 0.132166 
 3 Cu -0.545188 
 4 Cu 0.183902 
 5 Cu -0.016787 
 6 Cu -0.545188 
 7 Cu -0.073055 
 8 Cu 0.082219 
 9 Cu -0.180604 
 10 Cu -0.524914 
 11 Cu -0.073055 
 12 Cu -0.524914 
 13 Cu -0.180604 
 14 Cu 0.082219 
 15 Cu 0.588066 
 16 Cu 0.254836 
 17 Cu 0.254837 
 18 Pt 0.797587 
 19 S 0.104573 
 SUM -0.000002 
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A-2.7: Cu-2Pt-2layer 
      
 
 
 
 
        Structure: Cu-2Pt-S-2 (pos1-B) 
          Atom # Atom Charge 
          1 Cu -0.343552 
          2 Cu -0.384909 
 
         3 Cu -0.343533 
          4 Cu 0.113371 
          5 Cu 0.086783 
          6 Cu -0.285470 
          7 Cu -0.285516 
          8 Cu 0.086812 
          9 Cu 0.113375 
          10 Cu 0.084058 
          11 Cu -0.305167 
          12 Cu 0.084026 
          13 Pt -0.130333 
          14 Pt 0.581960 
          15 Pt 0.581912 
          16 Pt -0.135287 
          17 Pt 0.585650 
          18 Pt -0.135310 
          19 S 0.031129 
          SUM -0.000001 
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A-2.8: Pt-2layer 
      
          Structure: PtS-2 (pos3-BMB) 
 
 
Atom # Atom Charge 
 1 Pt -0.002866 
 2 Pt -0.002616 
 3 Pt 0.093291 
 
4 Pt -0.069303 
 5 Pt -0.066495 
 6 Pt -0.002260 
 7 Pt 0.127292 
 8 Pt -0.022587 
 9 Pt -0.033729 
 10 Pt 0.315152 
 11 Pt 0.061177 
 12 Pt 0.091577 
 13 Pt -0.056168 
 14 Pt -0.019814 
 15 Pt 0.078486 
 16 Pt -0.118057 
 17 Pt -0.004501 
 18 Pt -0.004476 
 19 S -0.364103 
 SUM 0.000000 
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A-2.9: Pt-2Cu-2layer 
      
          Structure: Pt-2Cu-S-2 (pos2-B) 
          
Atom # Atom Charge 
 
 
 
 
        1 Pt 0.081545 
          2 Pt -0.108346 
 
         3 Pt 0.081584 
          4 Pt -0.203227 
          5 Pt -0.176742 
          6 Pt 0.206961 
          7 Pt 0.206859 
          8 Pt -0.176700 
          9 Pt -0.203215 
          10 Pt -0.129672 
          11 Pt 1.168335 
          12 Pt -0.129687 
          13 Cu -0.002661 
          14 Cu -0.345236 
          15 Cu -0.345237 
          16 Cu -0.022155 
          17 Cu -0.248555 
          18 Cu -0.022159 
          19 S 0.368308 
          SUM 0.000000 
           
  
 
 
127 
A-3: MAXIMUM SULFUR TOLERANCE OF MOST EFFECTIVE CATALYST 
A-3.1: Pictures of Steps 1-16 (View 1 and View 2) 
1-1:     1-2:  
2-1:      2-2:  
3-1:    3-2:  
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4-1:    4-2:  
5-1:    5-2:  
6-1:    6-2:  
7-1:    7-2:  
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8-1:    8-2:  
9-1:    9-2:  
10-1:    10-2:  
11-1:    11-2:  
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12-1:    12-2:  
13-1:    13-2:  
14-1:    14-2:  
15-1:    15-2:  
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16-1:    16-2:  
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A-4: COMPUTATIONAL RELAXATIONS (VIEW 1 AND VIEW 2) 
A-4.1: Copper 1-layer Catalysts 
Cu-1layer (All Methods/Basis Sets) 
1:    2:  
 
 
133 
A-4.1.1: Copper-Platinum 1-layer Alloy Catalysts 
Cu-Pt-1layer (Most Methods/Basis Sets) 
1:    2:  
DIFFERENT RELAXATION: Cu-Pt-1layer (HF/LANL2MB) 
1:    2:  
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A-4.2: Copper 2-layer Catalysts 
Cu-2layer (B3LYP/LANL2DZ) 
1:    2:  
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A-4.2.1: Copper-Platinum 2-layer Alloy Catalysts 
Cu-Pt-2layer (B3LYP/LANL2DZ) 
1:    2:  
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A-4.2.2: Copper-Platinum 2-layer Skin Catalysts 
Cu-2Pt-2layer (B3LYP/LANL2DZ) 
1:    2:  
 
 
137 
A-4.3: Platinum 1-layer Catalysts 
DIFFERENT RELAXATION: Pt-1layer (HF/LANL2MB) 
1:    2:  
 
DIFFERENT RELAXATION: Pt-1layer (HF/LANL2DZ) 
1:    2:  
DIFFERENT RELAXATION: Pt-1layer (HF/LANL2DZ) 
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1:    2:  
DIFFERENT RELAXATION: Pt-1layer (B3LYP/LANL2MB) 
1:    2:  
DIFFERENT RELAXATION: Pt-1layer (B3LYP/LANL2MB) 
1:    2:  
DIFFERENT RELAXATION: Pt-1layer (B3LYP/LANL2DZ) 
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1:    2:  
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A-4.3.1: Platinum-Copper 1-layer Alloy Catalysts 
Pt-Cu-1layer (Some Methods/Basis Sets) 
1:    2:  
DIFFERENT RELAXATION: Pt-Cu-1layer (HF/LANL2MB) 
1:    2:  
DIFFERENT RELAXATION: Pt-Cu-1layer (HF/LANL2MB) 
1:    2:  
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A-4.4: Platinum 2-layer Catalysts 
Pt-2layer (B3LYP/LANL2MB) 
1:    2:  
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A-4.4.1: Platinum-Copper 2-layer Skin Catalysts 
Pt-2Cu-2layer (B3LYP/LANL2DZ) 
1:    2:  
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A-5: EXPERIMENTAL THEORY PICTURES 
A-5.1: Ceria Powder Calcined at 400 C , 600 C , and 800 C  
 
 C400             C600        C800  
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A-6: XRD RESULTS 
A-6.1: 2CeO  XRD Results  
C800  
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C600  
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C400  
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A-6.2: Cu and Pt Catalysts Supported on 2CeO  XRD Results 
Cu Supported on 2CeO  
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Pt Supported on 2CeO  
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A-6.3: XRD Data Cards 
Cerianite-(Ce) 
2- Theta Intensity D-spacing H K L 
28.57 100.00 3.1240 1 1 1 
33.11 27.73 2.7055 2 0 0 
47.53 48.63 1.9131 2 2 0 
56.40 35.71 1.6315 3 1 1 
59.15 6.31 1.5620 2 2 2 
69.49 5.98 1.3527 4 0 0 
76.78 11.84 1.2414 3 3 1 
79.16 7.15 1.2099 4 2 0 
88.53 10.51 1.1045 4 2 2 
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Pt 
2- Theta Intensity D-spacing H K L 
39.80 100.00 2.2650 1 1 1 
46.28 47.55 1.9615 2 0 0 
67.53 27.67 1.3870 2 2 0 
81.35 30.79 1.1829 3 1 1 
85.80 8.87 1.1325 2 2 2 
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Cu 
2- Theta Intensity D-spacing H K L 
43.35 100.00 2.0871 1 1 1 
50.49 45.56 1.8075 2 0 0 
74.20 23.28 1.2781 2 2 0 
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A-7: SEM/EDS RESULTS OF CERIUM OXIDE POWDERS 
C400  
    
 
 
 
 
 
Element Wt% At% 
  OK 20.49 69.29 
 CeL 79.51 30.71 
 SmL 00.00 00.00 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 15.47 61.60 
 CeL 83.24 37.85 
 SmL 01.29 00.55 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 16.78 63.87 
 CeL 82.08 35.67 
 SmL 01.14 00.46 
Matrix Correction ZAF 
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C600  
   
Element Wt% At% 
  OK 17.33 64.72 
 CsL 00.76 00.34 
 CeL 81.91 34.93 
 SmL 00.00 00.00 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 10.40 50.45 
 CsL 01.41 00.82 
 CeL 84.96 47.05 
 SmL 03.23 01.67 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 14.17 59.13 
 CsL 01.53 00.77 
 CeL 81.73 38.95 
 SmL 02.58 01.14 
Matrix Correction ZAF 
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C800  
    
Element Wt% At% 
  OK 18.68 66.80 
 CeL 81.32 33.20 
 SmL 00.00 00.00 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 16.38 63.19 
 CeL 83.14 36.62 
 SmL 00.48 00.20 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 13.49 57.77 
 CeL 84.45 41.29 
 SmL 02.06 00.94 
Matrix Correction ZAF 
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A-8: SEM/EDS RESULTS OF SUPPORTED CERIA CATALYSTS 
A-8.1: Cu Catalyst Supported on 2CeO  Molarity Determination 
0.0025M 
   
Element Wt% At% 
  OK 15.93 62.00 
 CuL 00.00 00.00 
  PK 00.42 00.84 
 CeL 83.65 37.16 
Matrix Correction ZAF 
 
0.025M 
 
 
162 
    
 
Element Wt% At% 
  OK 13.59 57.53 
  PK 00.00 00.00 
 CeL 85.16 41.15 
 CuK 01.24 01.32 
Matrix Correction ZAF 
 
0.25M 
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Element Wt% At% 
  OK 14.53 58.73 
  PK 00.13 00.28 
 CeL 82.43 38.04 
 CuK 02.90 02.95 
Matrix Correction ZAF 
 
1.0M 
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Element Wt% At% 
  OK 16.70 62.23 
 CeL 78.79 33.53 
 CuK 04.52 04.24 
Matrix Correction ZAF 
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A-8.2: Pt Catalyst Supported on 2CeO  (0.025M) 
    
Element Wt% At% 
  OK 20.01 68.81 
 PtM 02.04 00.58 
 CeL 77.95 30.61 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 20.31 69.19 
 PtM 01.72 00.48 
 CeL 77.98 30.33 
Matrix Correction ZAF 
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A-8.3: Cu-Pt Skin Catalyst Supported on 2CeO  
  
Element Wt% At% 
  OK 14.85 59.28 
 PtM 00.98 00.32 
 CeL 80.43 36.65 
 CuK 03.73 03.75 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 19.67 67.65 
 PrM 00.00 00.00 
 PtM 00.79 00.22 
 CeL 77.65 30.49 
 CuK 01.88 01.63 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 05.17 31.33 
 PtM 00.16 00.08 
 CeL 90.94 62.90 
 CuK 03.73 05.69 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 10.36 49.59 
 PtM 00.89 00.35 
 CeL 86.41 47.23 
 CuK 02.34 02.82 
Matrix Correction ZAF 
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A-8.4: Cu-Pt Alloy Catalysts Supported on 2CeO  
    
Element Wt% At% 
  OK 23.56 72.67 
 CeL 75.50 26.59 
 CuK 00.94 00.73 
 PtL 00.00 00.00 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 20.66 69.26 
 CeL 74.97 28.69 
 CuK 01.49 01.26 
 PtL 02.88 00.79 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 25.90 75.30 
 CeL 71.68 23.79 
 CuK 00.68 00.50 
 PtL 01.73 00.41 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 20.18 68.56 
 CeL 78.09 30.30 
 CuK 01.14 00.98 
 PtL 00.59 00.16 
Matrix Correction ZAF 
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Element Wt% At% 
  OK 27.41 76.64 
 CeL 69.10 22.06 
 CuK 01.05 00.74 
 PtL 02.44 00.56 
Matrix Correction ZAF 
  
  
 
 
176 
   
Element Wt% At% 
  OK 18.81 66.89 
 CeL 77.14 31.32 
 CuK 01.00 00.90 
 PtL 03.05 00.89 
Matrix Correction ZAF 
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A-9: XPS RESULTS OF CATALYSTS SUPPORTED ON CERIUM OXIDE  
A-9.1: Cu Catalyst Supported on Cerium Oxide  
Survey Scan 
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Ce-3d 
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O-1s 
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Cu-2p 
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A-9.2: Red-Cu Catalyst Supported on Cerium Oxide 
Survey Scan 
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Ce-3d 
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O-1s 
 
  
0.00E+00
2.00E+02
4.00E+02
6.00E+02
8.00E+02
1.00E+03
1.20E+03
5
.4
3
E+
0
2
5
.4
2
E+
0
2
5
.4
0
E+
0
2
5
.3
9
E+
0
2
5
.3
7
E+
0
2
5
.3
6
E+
0
2
5
.3
4
E+
0
2
5
.3
3
E+
0
2
5
.3
1
E+
0
2
5
.3
0
E+
0
2
5
.2
8
E+
0
2
5
.2
7
E+
0
2
5
.2
5
E+
0
2
C
P
S
eV
Red-Cu on Ce (O-1s)
CPS
O 1s
O 1s
O 1s
O 1s
Background CPS
Envelope CPS
 
 
184 
Cu-2p 
 
  
0.00E+00
5.00E+02
1.00E+03
1.50E+03
2.00E+03
2.50E+03
9
.7
0
E+
0
2
9
.6
7
E+
0
2
9
.6
3
E+
0
2
9
.6
0
E+
0
2
9
.5
7
E+
0
2
9
.5
4
E+
0
2
9
.5
0
E+
0
2
9
.4
7
E+
0
2
9
.4
4
E+
0
2
9
.4
0
E+
0
2
9
.3
7
E+
0
2
9
.3
4
E+
0
2
9
.3
0
E+
0
2
C
P
S
eV
Red-Cu on Ce (Cu-2p)
CPS
Cu 2p
Cu 2p
Cu 2p
Cu 2p
Cu 2p
Cu 2p
Background CPS
Envelope CPS
 
 
185 
C-1s 
 
  
0.00E+00
5.00E+01
1.00E+02
1.50E+02
2.00E+02
2.50E+02
3.00E+02
3.50E+02
4.00E+02
3
.0
0
E+
0
2
2
.9
8
E+
0
2
2
.9
6
E+
0
2
2
.9
5
E+
0
2
2
.9
3
E+
0
2
2
.9
1
E+
0
2
2
.8
9
E+
0
2
2
.8
7
E+
0
2
2
.8
6
E+
0
2
2
.8
4
E+
0
2
2
.8
2
E+
0
2
2
.8
0
E+
0
2
2
.7
8
E+
0
2
C
P
S
eV
Red-Cu on Ce (C-1s)
CPS
C 1s
C 1s
C 1s
Background CPS
Envelope CPS
 
 
186 
A-9.3: Pt Catalyst Supported on Cerium Oxide 
Survey Scan 
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A-9.4: Red-Pt Catalyst Supported on Cerium Oxide 
Survey Scan 
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A-9.5: Pt-Cu Skin Catalyst Supported on Cerium Oxide 
Survey Scan 
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A-9.6: Cu-Pt Alloy Catalyst Supported on Cerium Oxide 
Survey Scan 
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